Introduction {#sec1}
============

In the late 1960s, the discovery of the immunoglobulin (IgE) antibody provided a specific biomarker that could be used to identify allergic diseases triggered by environmental allergens (generally proteins). Traditional IgE antibody tests such as skin prick tests (SPTs) and *in* *vitro* specific IgE (sIgE) tests are based on crude extracts composed of allergenic and non-allergenic molecules obtained from an allergenic source. With the application of DNA technology in the late 1980s, allergenic molecules were characterized and cloned to resolve the determinants of various allergic diseases.[@bib1], [@bib2], [@bib3], [@bib4] The availability of allergenic molecules in the last decade has ushered in a new phase of diagnostics,[@bib5] now termed precision allergy molecular diagnostic applications (PAMD@), allowing improved management of allergic diseases.[@bib6] In previous years, this diagnostic strategy has been termed component-resolved diagnostics (CRD), molecular-based allergy diagnostics (MBAD), or molecular allergy diagnostics (MAD). A multitude of articles regarding PAMD@ have been published that reinforce the utility of adding this testing method to the care of the allergic patient.[@bib1] Thus, it appears useful to provide an update to the WAO --- ARIA --- GA^2^LEN consensus document on PAMD@ which was published in 2013.[@bib2]

Nomenclature {#sec1.1}
------------

Today, many of the most common allergenic molecules have been cloned or purified, have had their 3-dimensional structures elucidated, and can be consistently produced.[@bib7] Because of the growing number of allergens identified, a systematic allergen nomenclature, approved by the World Health Organization and International Union of Immunological Species (WHO/IUIS) Allergen Nomenclature Subcommittee, has been established.[@bib8] The subcommittee has been charged with developing and maintaining not only the systematic nomenclature developed for allergenic molecules but also a comprehensive database of known allergenic proteins, which can be accessed at <http://www.allergen.org>. Allergenic molecules are named using their Latin binomial name (genus and species). A detailed description of the terminology has been recently published.[@bib9] For example, allergens that begin with Phl p are from *Phleum pratense* (Timothy grass). A number is added to the name to distinguish the various allergens from the same species (e.g., Phl p 1, Phl p 2). The numbers are assigned to the allergens in the order of their identification. Allergenic molecules are classified into protein families according to their structure and biological function.[@bib10], [@bib11], [@bib12], [@bib13] Many different molecules share common epitopes (antibody binding sites), and the same IgE antibody can bind and induce an immune response to allergenic molecules with similar structures from various allergen sources. These cross-reactive allergens give valuable information regarding sensitization to several different sources. In contrast, some molecules are unique markers for specific allergen sources, allowing for the identification of the primary sensitizer. [Table 1](#tbl1){ref-type="table"} lists the components belonging to the most frequent allergen families and their availability on 3 different multiplex tests.Table 1Components belonging to the 8 most common allergen families in ISAC, ALEX, and Euroline [@bib334]Table 1FamilySpeciesAllergenMultiplex textISACALEXEurolineBet v 1--related protein (PR-10)*Actinidia deliciosa* (green kiwi)Act d 8X*Alnus glutinosa* (alder)Aln g 1XX*Apium graveolens* (celery)Api g 1XX*Arachis hypogaea* (peanut)Ara h 8XX*Betula pendula* (white birch)Bet v 1XXX*Corylus avellana* (hazel)Cor a 1XX*Glycine max* (soybean)Gly m 4XX*Daucus carota* (carrot)Dau c 1X*Malus domestica* (apple)Mal d 1XX*Prunus persica* (peach)Pru p 1XVenom group 5 allergen family*Polistes dominulus* (European paper wasp)Pol d 5XXX*Vespula vulgaris* (yellow jacket)Ves v 5XXXCupin Superfamily*Anacardium occidentale* (cashew)Ana o 2X*A. hypogaea* (peanut)Ara h 1XXXAra h 3XXX*Corylus avellana* (hazel)Cor a 9XXCor a 11X*G. max* (soybean)Gly m 5XXGly m 6XX*Juglans regia* (English walnut)Jug r 2XXEF hand domain (Ca^++^ binding proteins)*B. pendula* (white birch)Bet v 4X*A. glutinosa* (alder)Aln g 4X*Gadus callarias* (Baltic cod)Gad c 1X*Gadus morhua* (Baltic cod)Gad m 1X*Penaeus monodon* (black tiger shrimp)Pen m 4X*Cyprinus carpio* (European carp)Cyp c 1XX*Phleum pratense* (Timothy grass)Phl p 7XXXExpansin, C-terminal domain*Cynodon dactylon* (Bermuda grass)Cyn d 1X*P. pratense* (Timothy grass)Phl p 1XXXPhl p 2XXLipocalin*Blatella germanica* (cockroach)Bla g 4X*Bos domesticus* (domestic cattle)Bos d 2XBos d 5XXX*Canis familiaris* (domestic dog)Can f 1XXCan f 2XX*Equus caballus* (horse)Equ c 1XX*Felis domesticus* (domestic cat)Fel d 4XX*Mus musculus* (mouse)Mus m 1XXProfilin*B. pendula* (white birch)Bet v 2XX*Hevea brasiliensis* (Para rubber tree)Hev b 8XX*Mercurialis annua* (annual mercury)Mer a 1X*P. pratense* (Timothy grass)Phl p 12XXX*Phoenix dactylifera* (date palm)Pho d 2X*Olea europaea* (olive)Ole e 2XProlamin superfamily*A. occidentale* (cashew)Ana o 3X*A. hypogaea* (peanut)Ara h 2XXXAra h 6XXXAra h 9XXX*Artemisia vulgaris* (mugwort)Art v 3XX*Bertholletia excelsa* (Brazil nut)Ber e 1XX*Brassica /Sinapis* spp.Sin a 1X*Corylus avellana* (hazel)Cor a 8XXCor a 14X*Fagopyrum esculentum* (buckwheat)Fag e 2XX*G. max* (soybean)Gly m 8X*J. regia* (Englich walnut)Jug r 1XX*Macadamia integrifolia* (macadamia)Mac i 2SX*Papaver somniferum* (poppy)Pap s 2SX*Sesamum indicum* (sesame)Ses i 1X

New concepts regarding the mechanisms of action of allergens {#sec1.2}
------------------------------------------------------------

Allergens induce sIgE sensitization of mast cells and trigger allergic inflammation upon re-exposure. The availability of natural purified (n) or recombinant (r) allergens has helped to improve our understanding of the mechanisms leading to this phenomenon, which vary depending on several ecological, biological, and structural characteristics of the allergenic molecules.[@bib14] In addition to the production of sIgE and the IgE binding associated with Th2 immunity, allergens may also act by promoting tissue inflammation directly because of their enzymatic or other (still unknown) biological properties.

The induction of sIgE and sensitization are not straightforward processes. For example, because aeroallergens are transported in particles (e.g., the feces of mites) and mostly interact with respiratory mucosae, the immune response results from stimulation by several components in addition to allergens.[@bib13] This means that natural exposure sometimes does not result in important sensitization (and probably a greater IgG response than IgE response) if Th1-promoting components are inhaled simultaneously and overcome the effect of allergenic molecules, or if interleukin (IL)-10--mediated tolerance is induced by the presence of bacteria.[@bib15] In addition, the immune response to allergens starts with the activation of innate immune receptors, which can also modulate the strength of the Th2 response.[@bib16], [@bib17], [@bib18] Here again, we can infer that there are several pathways, some of them antagonistic, to the production of sIgE and clinically relevant sensitization.

These pathways involve various types of cells, including the recently discovered innate lymphoid cells (ILC). Because several members of this cell population have been described, more data have to be obtained before a clear role for each member during the allergic response can be defined. The participation of ILC type 2 (ILC2) seems to be influenced by the type of allergen; for example, ILC2 cells are expanded more in allergic rhinitis induced by house dust mite (HDM) than in that induced by mugwort.[@bib19] Also, in parasite-infected mice, HDM can induce the production of IL-13 and mediation of conventional type 2 inflammatory responses independently of T-cell receptor stimulation.[@bib20] ILC2 may act to intensify the specific Th2 response or to provide, together with other ILC types, pro-inflammatory cytokines in reactions not mediated by IgE. Activation of ILC2 is mediated by IL-25, thymic stromal lymphopoietin, and particularly IL-33 (alarmin), which is produced by stimulated epithelial cells after exposure to allergens, infectious organisms, and pollutants.[@bib21]

An example of the pro-inflammatory properties of allergens that are not mediated by IgE includes the proteolytic activity of Der p 1, which directly activates epithelial cells to induce the production of pro-inflammatory cytokines.[@bib22] Also, the non-proteolytic components of Der p 2 induce inflammation by other IgE-independent mechanisms.[@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29] These characteristics could influence the clinical impact of each allergen but may not correlate with the frequency of IgE binding. This could be the case for Der p 13 [@bib18]; Der p 18 [@bib30]^,^[@bib31]; Der p 7 [@bib31]; Der p 5 [@bib32]; other proteases such as Der p 3, Der p 6, and Der p 9 [@bib33]; and other lipid-binding proteins such as Der p 21 and Blo t 13. Therefore, in some cases, the IgE binding detected by PAMD@ might be considered a proxy for more crucial allergenic properties.

An interesting mechanism of action of HDM is that it induces epigenetic changes in immune cells and epithelial/bronchial muscle cells. Recent studies revealed that modifications to DNA methylation in B cells might influence the susceptibility to mite sensitization,[@bib34] and hypomethylation of the IL-13 gene is associated with an increased risk of allergic rhinitis due to HDM sensitization.[@bib35] Also, HDM can induce epigenetic modifications in experimental airway inflammation in mice, changing the methylation pattern of important genes such as *pde4 d*[@bib36] and *tgfb1.*[@bib37] Also, HDM induces the same epigenetic modifications as diesel exhaust in an *ex vivo* model of inflammation in human bronchial epithelial cells.[@bib38] These studies suggest that HDM also induces IgE-mediated bronchial inflammation by altering the epigenetic patterns of cells involved in bronchial homeostasis.

Another important point on the mechanisms of action of allergens is the role of IgG and its subclasses, which in turn also has 2 aspects. One is the involvement of IgG as an effector mechanism in the pathogenesis of some allergic reactions, such as food allergy. Although there is some evidence that IgG participates in food allergy not mediated by IgE,[@bib39] the evaluation of serum-specific IgG and IgG4 has no proven predictive value in food allergy diagnosis.[@bib40]^,^[@bib41] More studies are therefore needed to define specific IgG as a marker of food allergy.[@bib42]^,^[@bib43] The second aspect is the potential clinical impact of the IgG/IgE ratio, an interesting and traditional theme that has been revived in recent years, probably because of the availability of purified components for PAMD@. There is important evidence suggesting that, in addition to what is observed during allergen immunotherapy (AIT), a high IgG/IgE ratio is associated with fewer allergic symptoms.[@bib44], [@bib45], [@bib46] In particular, IgG4 seems to have a direct role in the induction of tolerance.[@bib47] This area of research should provide useful information regarding the inception, evolution, and diagnosis of allergic diseases, but there is currently no standardized way to apply these findings to PAMD@.

The usefulness of PAMD@ for management of allergic diseases: a bird\'s eye view {#sec1.3}
-------------------------------------------------------------------------------

PAMD@ is increasingly entering routine care and improves management of allergy. This is particularly evident for food allergy.[@bib3]^,^[@bib4]^,^[@bib6]^,^[@bib7]^,^[@bib11], [@bib12], [@bib13] Knowing which allergenic molecules the patient is sensitized to can help to determine the likelihood of local versus systemic reactions and to predict the persistence of clinical symptoms. For example, some allergens, such as storage proteins in peanuts (e.g., Ara h 2) and nuts (e.g., Cor a 9), are associated with severe reactions, whereas sensitization to other allergens is usually associated with less severe reactions. Another critical aspect, difficult to elucidate using traditional tests, is the stability of the allergen. Allergens that are stable to heat and digestion (e.g., Ara h 2 from peanut) are more likely to cause severe clinical reactions, whereas heat- and digestion-labile molecules (e.g., Ara h 8 from peanut) are more likely to cause milder, local reactions (such as pruritus) or to be tolerated. Similarly, identifying whether the sensitization is primary and likely to be clinically relevant or due to clinically irrelevant cross-sensitization helps to evaluate the likelihood of reaction on exposure to different allergen sources. A recent meta-analysis determined that molecular diagnostics are particularly useful for food allergy.[@bib48]

PAMD@ may also be helpful in the assessment of idiopathic anaphylaxis. If positive, it may orient the allergist to the triggering allergen; if negative, a non-IgE-mediated mechanism underlying the anaphylaxis (such as mast cell disorders) should be considered.[@bib3]^,^[@bib49] It is also useful in cases of *Hymenoptera* venom allergy, with a recent study demonstrating that PAMD@ can identify a subgroup of patients likely to fail on honey bee venom (HBV) immunotherapy.[@bib18]^,^[@bib19]^,^[@bib50] PAMD@ may also improve the selection of both patients and specific allergens for AIT for inhalant allergies (e.g., for pollen),[@bib10]^,^[@bib16]^,^[@bib17] with a recent study demonstrating that the added precision PAMD@ brought to the prescribing of immunotherapy reduced overall costs.[@bib51] All of these topics are described in greater detail in this revised WAO - ARIA - GA^2^LEN consensus document.

*In* *vitro* diagnostics {#sec2}
========================

Singleplex and multiplex measurement arrays {#sec2.1}
-------------------------------------------

An ever-increasing number of studies focusing on different allergenic molecules or allergic diseases are rapidly being published. However, the search for additional clinically relevant molecules is ongoing and needed to improve the positive predictive value of allergy diagnostic testing. Both the scientific and industrial communities have been involved in developing new reagents and new diagnostic tools in the past few years. At present, the presence of IgE antibodies against allergenic molecules may be determined using a singleplex (one assay per sample) or multiplex (multiple assays per sample) measurement platform. A singleplex platform allows the clinician to select those allergenic molecules necessary for an accurate diagnosis as determined by the clinical history of the patient.[@bib52] The multiplex approach allows for the IgE response to a broad array of preselected allergens on a chip to be characterized independently of the clinical history. Notably, analysis by multiplex assay may be even possible with a dried blood spot, which can be easily transported.[@bib53]

There are several commercially available immuno-solid-phase multiplex allergen arrays: the Thermo Fisher ImmunoCAP ISAC (Immuno-solid-phase Allergen Chip), which contains 112 allergens from 51 allergen sources[@bib12]; the new ImmunoCAP ISAC 112i, with 112 components from 48 allergen sources, where some components have been removed (*Hymenoptera* components, Pla a 2, Jug r 2) and some others were added (Ana o 3, Can f 4, Can f 6, Cor a 14, Der p 23 and alpha-Gal); the MADx Allergen Explorer (ALEX; containing 282 allergens: 156 extracts and 126 components)[@bib54]; and the Euroline microstrips.[@bib55] The large number of extracts/allergens from multiple classes of allergenic sources ([Table 2](#tbl2){ref-type="table"}) provides extensive and detailed information about a patient\'s sensitization profile.[@bib54]^,^[@bib56] Other diagnostic tools based on allergen arrays are under development, and new tools will likely be available in the near future.Table 2List of Components available for the Molecular Allergy DiagnosisTable 2**Common components available on the market**. Components are in in alphabetic order, as of June 2019, from different sources (Thermofisher, MADx, Hycor, Euroline, Siemens)Act d 1, Act d 2, Act d 5, Act d 8, Alkalase, Alt a 1, Alt a 1, Alt a 6, Amb a 1, Amb a 4, Ana c 2, Ana o 2, Ana o 3, Ani s 1, Ani s 3, Api g 1., Api g 2, Api g 6, Api m 1, Api m 4, Api m 10, Api m 2, Api m 3, Api m 5, Ara h 1, Ara h 2, Ara h 3, Ara h 6, Ara h 8, Ara h 9, Art v 1, Art v 3, Asp f 1, Asp f 2, Asp f 3, Asp f 4, Asp f 6, Asp o 21, Asp r 1, Ber e 1, Bet v 1, Bet v 2, Bet v 4, Bet v 6, Bla g 1, Bla g 2, Bla g 4, Bla g 5, Bla g 7, Blo t 5, Bos d 2, Bos d 4, Bos d 5, Bos d 6, Bos d 8, Bos d Lactoferrin, Can f 1, Can f 2, Can f 3, Can f 4, Can f 5, Can f 6, Car p 1, Che a 1, Cla h 8, Cor a 1, Cor a 11, Cor a 14, Cor a 8, Cor a 9, Cry j 1, Cup a 1, Cyn d 1, Cyp c 1, Dau c 1, Der f 1, Der f 2, Der p 1, Der p 10, Der p 11, Der p 2, Der p 23, Der p 5, Der p 7, Equ c 1, Equ c 3, Fag e 2, Fel d 1, Fel d 2, Fel d 4, Fel d 7, Fra e 1, Gad m 1, Gad c 1, Gal d 1, Gal d 2, Gal d 3, Gal d 4, Gal d 5, Gal-alpha, gliadin, Gly d 2, Gly m 4, Gly m 5, Gly m 6, Gly m 8, Hev b 1, Hev b 11, Hev b 3, Hev b 5, Hev b 6., Hev b 8, Hom s LF, Jug r 1, Jug r 2, Jug r 3, Lep d 2, Lol p 1, Mac i 2S Albumin, Mal d 1, Mal d 2, Mal d 3, Mal d 4, Maxatase, Mala s 1, Mala s 11, Mala s 5, Mala s 6, Mala s 9, Mer a 1, Mus m 1, MUXF3, Ole e 1, Ole e 2, Ole e 7, Ole e 9, Pap s 2S Albumin, Par j 2, Pen a 1, Pen m 1, Pen m 2, Pen m 4, Per a 7, Phl p 1, Phl p 11, Phl p 12, Phl p 2, Phl p 4, Phl p 5, Phl p 6, Phl p 7, Pho d 2, Pla a 1, Pla a 2, Pla a 3, Pla l 1, Pol d 5, Pru av 1, Pru av 3, Pru av 4, Pru p 1, Pru p 3, Pru p 4, Sal k 1, Savinase, Ses i 1, Sin a 1, Sola l 6, Sus s Pepsin, Sus s PSA, Tri a gliadin, Tri a 14, Tri a 19, Tri a aA_TI, Ves v 1, Ves v 5, Vit v 1.**Components only available in the Thermofisher ImmunoCAP system (including ISAC)**Act d 8, Alkalase, Ana o 2, Api m 3, Api m 4, Api m 5, Asp f 1, Asp f 2, Asp o 21, Bet v 4, Bla g 7, Blo t 5, Bos d lactoferrin, Can f 4, Can f 5, Can f 6, Car p 1, Cry j 1, Cyn d 1, Equ c 3, Fel d 7, Gad c 1, Gal-alpha, gliadin f9, Jug r 3, Lep d 2, Maxatase, Mer a 1, MUXF3, Ole e 7, Ole e 9, Pen a 1, Pen m 2, Pen m 4, Phl p 11, Phl p 4, Pla a 2, Pla a 3, Pru p 1, Pru p 4, Sal k 1, Savinase, Sus s Pepsin, Sus s PSA, Tri a 14, Tri a 19.0101, Tri a aA_TI, Ves v 1**Components only available in the MADx ALEX**Act d 10, Amb a 4, Api g 2, Api g 6, Bla g 4, Bos d 2, Cor a 11, Dau c 1, Der p 11, Der p 5, Der p 7, Fra e 1, Gad m 1, Gly d 2, Gly m 8, Hom s LF, Lol p 1, Mac i 2S Albumin, Mal d 2, Mala s 1, Mala s 11, Mala s 5, Mala s 6, Mala s 9, Ole e 2, Pap s 2S Albumin, Per a 7, Pho d 2, Sin a 1, Sola l 6, Tri a gliadin, Vit v 1

Multiplex assays are especially suited for use in patients with complex sensitization patterns or symptoms. The multiplex technology is a consolidated PAMD@ approach for improved diagnosis, prognosis, and selection of patients for AIT. Although they are commercial products, they have been the mainstay of many studies. In recent years, an increasing number of reagents have been made available for singleplex assays, but multiplex assays have been the object of both research and development by the diagnostic industry, and they contain many more components than are available for singleplex assays. These new features are discussed in more detail in the sections below, together with the available informatics support and criteria for interpreting allergen arrays and supporting the diagnosis.

Precision medicine was launched at a worldwide level by the initiative of then US President Barack Obama in 2015. Before that, precision (or personalized) medicine was more a dream than a reality. Precision or personalized medicine is a discipline that identifies specific biomarkers of a given disease in a given patient (the so-called "endotype") that are based on the patient\'s characteristics, evaluated in real time, and may impact the therapeutic approach. Precision or personalized medicine is expected to deeply affect all medical procedures in the near future,[@bib57] including more-appropriate selection of patients and treatments and more-appropriate allocation of resources and interventions in general. The increasing availability of biological drugs, bio-engineering, and genetic and "omics" tools have already started to affect the decisional processes in medicine.

Allergy represents an excellent paradigm for precision medicine because, in many cases, the patient can be well characterized by available clinical features, diagnostic tests, and biomarkers. In addition, many of the underlying mechanisms are known in detail even if others are still being investigated. In this context, the introduction and availability of PAMD@ represent a real advance in the description of the patient\'s IgE repertoire. At present, the therapeutic strategy based on standard drugs (such as inhaled corticosteroids, bronchodilators, and antihistamines) has not substantially changed, but the detailed definition of the sensitization profile has allowed the use of AIT to be refined.[@bib58], [@bib59], [@bib60] In this context, AIT still represents an etiology-based treatment when the clinical aspects and the diagnostic procedures are well standardized, but PAMD@ allows its prescription to be better focused, and to achieve the best results, reducing costs. The impact of PAMD@ on the use and prescription of AIT will be discussed below.

In summary, with increasing experience, PAMD@ is generally straightforward to interpret and can provide relevant, additional information for the allergist. However, the clinical utility of many of the allergenic molecules needs further investigation. Because of the speed at which new PAMD@ data are becoming available, clinicians are required to keep pace with a large amount of novel information. This WAO - ARIA - GA^2^LEN consensus update document on PAMD@ provides a practical guide to the indication, determination, and interpretation of PAMD@. It is designed for clinicians specifically trained in allergology but can also be a good starting point for new users.

Available diagnostic tools {#sec2.2}
--------------------------

In the last year, the multiplex approach to *in* *vitro* PAMD@ has greatly improved. The ISAC 103 version was described in the original consensus statement,[@bib2] and an improved version of ISAC, based on 112 different components from 51 allergen sources, was released in 2011. The new assay has been shown to be repeatable (intra-assay assessment), reproducible (interassay assessment), and suitable for supporting a multiplex allergy diagnosis.[@bib61] A deeper analysis of ISAC 112 characteristics also demonstrated that it is a highly reproducible and accurate method that may be considered as a single analyte assay given the EN ISO 15189 accreditation procedure.[@bib62] Results obtained by ISAC 112 also correlate well with singleplex ImmunoCAP results.[@bib63] Recently, the new ISAC 112i was introduced.

Despite the success of the ISAC assays, some partially unexpected cross-binding between its components have been identified.[@bib64] For example, nPhl p 4, a highly glycosylated protein, can bind to IgE specific for cross-reactive carbohydrate determinants (CCDs), and IgE to the native walnut vicilin-like protein nJug r 2 can also be raised in patients sensitized to CCDs.[@bib64] For this reason, the real clinical significance of a positive nJug r 2 result must be carefully evaluated in the context of the results of other components and clinical findings.

Allergen microarrays have also been used to evaluate the presence of sIgE in fluids other than serum or plasma. Leonardi et al.[@bib65] recently showed that in vernal keratoconjunctivitis, ISAC can detect the presence of sIgE to grass, tree, mites, animals, and food allergens in tears. What was particularly interesting was that, in some patients, sIgE were absent in serum but detectable in tears. The presence of sIgE only in tears of patients with symptoms only in the eyes supports the idea that tissues can be locally sensitized. Using an innovative approach,[@bib66] Valenta and co-workers analyzed the presence of IgE in samples of breast milk. This use of microarray technology for 2 alternative specimen types, tears and breast milk, opens new fields for research and in clinics.

PAMD@ is useful for identifying sensitivities to many, but not all, allergens. For example, D\'Amelio et al.[@bib67] examined whether the performance of ImmunoCAP ISAC 112 is sufficient to diagnose peach and apple allergies. They conclude that although the sensitivity of the peach components in ISAC could be improved, it is adequate in Italy. The same authors[@bib68] concluded that the diagnostic performance of ISAC was adequate for hazelnut and walnut allergy but not for peanut allergy. Finally, in a different situation,[@bib69] even if standard ImmunoCAP have, for apple and peach, a wider number of available components (in particular Mad d 3, a lipid transfer protein \[LTP\]), the evaluation of Pru p 3 (largely homologous to Mal d 3) may support the identification of an apple sensitivity even if "the presence of sIgE against Pru p 3 in LTP sensitized patients can be due to cross-sensitization and should therefore not be used to predict clinical symptoms\".

In the period that ISAC 103 and ISAC 112 have been used in clinics, other strategies for multiplex molecular diagnostics have been developed. The MeDALL group developed a novel microarray adding more than 70 new components to the standard panel of ISAC 112.[@bib70] These new components are allergens from peanut, nuts (almond, cashew, and pistachio), cow\'s milk, wheat, olive pollen, mites, dogs, insect venom, *Staphylococcus aureus* toxins, and maltose binding protein. The clinical features of the MeDALL microarray were evaluated during the so-called allergen march from childhood to adolescence.[@bib71] The prevalence of allergic sensitization increased from age 10--16 years and was similar by SPT and ImmunoCAP and significantly higher with the MeDALL chip at age 10. All 3 tests were comparable for identification of allergic sensitization among children with current rhinitis or asthma.

A different approach has been developed by an English/Swedish company that designed and further implemented a microarray, the Microtest system, where whole extracts are spotted in addition to single-allergen components.[@bib72] This combination of extracted allergens and recombinant components was tested against 3 other allergy test methods (SPT, ImmunoCAP, and ISAC 112) in a pairwise fashion for each component. The methods produced concordant results 81%--88% of the time, with correlation coefficients for the most prevalent allergens (cat, dog, mite, Timothy, birch, and peanut) ranging from 0.73 to 0.95, although results of the different tests were discordant in some patients. Thus, the Microtest system provides another alternative for testing common allergens.

More recently, ALEX (Allergen Explorer) was developed by MADx in Vienna, Austria. ALEX is an array of allergens spotted on a solid phase by the use of nanoparticles. ALEX contains 282 reagents (156 allergen extracts and 126 recombinant or highly purified molecules). Thus, this chip, like the Microtest, contains second-level diagnostics (represented by extract allergens) and third-level diagnostics (represented by single molecules) are available, which is remarkable, and the results from ALEX correlate well with those from ISAC.[@bib54]^,^[@bib73] This microarray allows the measurement of an IgE profile including "whole" allergens and recombinant or purified allergen proteins in a single chip. Thus, 2 characteristics are specific of this assay: the first is that it can be a suitable method for the bottom-up strategy of allergy diagnosis, which tests isolated allergens before whole extracts.[@bib74] The second is that it provides an extended IgE profile in line with the indications of a precision medicine approach.[@bib59] This approach requires the most accurate definition of the patient\'s phenotype to identify the patient\'s endotype[@bib75] and to provide an accurate diagnosis and appropriate treatment. In consideration of the very large number of allergens and components and the significant complexity of the interpretation of the results (at least for non-professional molecular allergists), ALEX has been associated with a new version of the expert system Allergenius, originally developed for the interpretation of ISAC results.[@bib74]^,^[@bib76] Perhaps the greatest value of ALEX is the provision of a CCD inhibitor, which reduces clinically irrelevant cross-sensitization and has a direct impact on primary sensitization information.[@bib54]

Another group of tests are represented by the multiple allergen simultaneous tests (MAST) immunoblots, such as Euroline, which is a commercially available assay for PAMD@ based on the immunoblot technique. A sensitization profile can be generated from the simultaneous determination of sIgE to different allergen components and extracts. Notably, different IgE profiles are available. Substantial agreement between MAST and ImmunoCAP was found for inhalant, food, and venom allergens, and it thus represents a valid diagnostic alternative.[@bib55]

Finally, epitope mapping will be the real future, provided that a large number of clinical and experimental data become available. Indeed, peptides are recognized by humans in an HLA-restricted manner. For this reason, "dominant peptides" can be identified, but many other "individual peptides" should also be considered. A panel of partially overlapping peptides fully covering the whole allergenic protein could be used for highly represented allergens and has meaning only if sIgE have been previously observed in a more classic allergen-component assay. Keeping this consideration in mind, many groups have published extremely exciting results that clearly show that both diagnostic and prognostic indications can be derived from the analysis of the IgE profile directed to peptides of different allergen sources.[@bib77], [@bib78], [@bib79], [@bib80], [@bib81], [@bib82], [@bib83] Of course, the need for large epidemiological studies will be necessary to define rules that can be applied to different populations of patients. However, the possibility of dissecting the immune response mediated by IgE will be included in the fourth diagnostic level of allergic diseases, such as the basophil activation test, in the near future. In this context, it is clear that the diagnostic process in complex or highly complex patients will need to be managed by highly skilled groups with a specialized laboratory and advanced informatics tools.

Patients most likely to benefit from PAMD@ {#sec3}
==========================================

There is a general consensus that patients with multiple sensitizations will likely benefit from PAMD@. This includes patients with respiratory sensitization to a large number of allergen families and patients with pollen-food or inhalant food syndromes. Another relevant application of PAMD@ is food allergy and the food protein-induced enterocolitis syndrome,[@bib84], [@bib85], [@bib86] because it is now possible to determine the individual pattern of IgE sensitization by analyzing single allergenic molecules instead of complex allergenic extracts.

Allergens commonly used for PAMD@ can be either recombinant or purified native, and serum sIgE levels can be detected through singleplex assays or in multiplex arrays. In order to choose the test correctly, the specialist should take several factors into consideration: the target of the PAMD@ (e.g., immunotherapy for respiratory diseases, latex allergy, food allergy, cross-reactions between food and inhalant allergens), the complexity of the clinical case, and the availability in each country of the molecular diagnostic tools. Complex cases, such as multiple sensitizations to respiratory and food allergens and idiopathic anaphylaxis, are preferably studied with multiplex assays.[@bib87] Multiplex assays performed early in life seem to be also useful for predicting the risk of developing allergic symptoms in later life.[@bib88], [@bib89], [@bib90]

Clinicians should always be adequately trained, familiar with the main allergen protein families, and aware of the characteristics of the PAMD@ assays. In particular, the multiplex tests can produce complex results, and the clinician should therefore be familiar with the results each type of assay might produce. In general, educational programs for both the use and interpretation of PAMD@ tests should be implemented.[@bib76] Multiplex platforms allow for testing of more than 100 molecules simultaneously ([Table 2](#tbl2){ref-type="table"}) in a very low quantity of serum and without interference from high total IgE levels, but they are less sensitive and less appropriate for monitoring sensitization than their singleplex counterparts.[@bib2] However, when the detection of more than 12 or 13 sIgE is needed, it has been suggested that the multiplex assay is more cost-effective than the singleplex diagnostic approach and is therefore preferred.[@bib91]

Risk assessment and PAMD@ {#sec4}
=========================

PAMD@ can increase the accuracy of an allergy diagnosis in certain circumstances.[@bib3] In allergic patients, a molecular approach is suitable for the following:•assessing the risk of potential allergic reactions, which depend on the individual allergic (clinical) sensitization profile;•evaluating whether unknown potential triggering factors are present (i.e., the presence of sIgE versus allergenic molecules correlated with high risk for allergic reactions).

In particular, in the case of polysensitization, PAMD@ makes it possible to distinguish between primary and cross-sensitization, leading to a significant improvement in patient management. For example, appropriate avoidance diets can be recommended when the correct food allergen is identified; conversely, by identifying cross-sensitivities PAMD@ can prevent needless food avoidance or prescriptions for self-injectable adrenaline. Cross-sensitization between aeroallergens and food allergens is very common. In some cases, the presence of a respiratory allergy to an allergen with a shared epitope to food may lead to a clinically relevant cross-reactivities. Pollen sensitization may lead to "pollen-food syndromes", such as birch-apple or celery-mugwort-spice syndrome. Nonpollen aeroallergens cross-reacting with foods include mite-shrimp syndrome. This topic has been covered in an extensive review[@bib92] that describes cross-reactivities between different combinations of food and inhalant allergens and which could be an important tool for the interpretation of multiple sensitivities detected with PAMD@ (either multiplex or singleplex). The fundamental work of Valenta et al. is another useful guide for understanding the molecular mechanisms underlying allergic sensitization and cross-reactivities of food allergens.[@bib93] If patients have sIgE to natural allergens but no clinical manifestations after exposure to the allergen, the presence of IgE directed to CCDs should be investigated; in 10--20% of patients with pollen sensitivity, sIgE against carbohydrate epitopes called N-glycans can be detected.[@bib94]

The presence of serum sIgE directed towards proteins that are stable to heat and acidic conditions (such as LTPs, storage proteins, gliadins, tropomyosins, parvalbumins, caseins, and ovomucoid) is generally associated with a higher risk of systemic or severe reactions. In contrast, a pattern of sensitization to gastro- and heat-labile proteins (families such as profilins, PR-10, thaumatins, ovalbumin, and lactalbumin) is generally correlated with a lower risk of severe allergic manifestations; an exception is Gly m 4, a member of the PR-10 family, which is a potential marker for severe reactions in patients consuming large quantities of soy drinks and sensitized to Bet v1, the major allergen of birch.[@bib95] There are other exceptions to the classical rule of "stable allergens--severe reactions and labile allergens--mild reactions". Indeed, anaphylactic reactions to foods have occurred in patients monosensitized to PR-10 allergens[@bib96] or profilins,[@bib97] and it is well known that clinical expression of LTPs varies from asymptomatic to anaphylactic reactions.

A molecular approach allows patients (e.g., those with occupational latex sensitization) to be stratified according to the risk of reactions as a secondary prevention strategy, but it is important to remember that the severity of allergic reactions also depends on other factors, such as the route of allergen exposure and the presence of cofactors, such as exercise or concomitant drug consumption. Interestingly, the geographic area can also influence the risk of allergic manifestations: in the Mediterranean area, for instance, Pru p 3 is one of the most common triggers for anaphylaxis and severe reactions. A cohort of 133 Italian patients allergic to peach with positive SPT to whole peach extract and sIgE against Pru p 3 has been studied.[@bib98] The population recruited from the northeastern part of the country, where sensitization to PR-10 and profilin is more common than in the south, also had sIgE to Pru p 1 (42.8%) and Pru p 4 (12.7%), whereas no patients from the south were sensitized to PR-10 or profilin. In the southern population, the levels of sIgE to Pru p 3 were significantly different in symptomatic patients and asymptomatic patients, and in subjects with mild systemic reactions and subjects with severe systemic reactions. In contrast, in the northeastern population, no differences were found in the levels of sIgE to Pru p 3 between these groups. Also, in the southern population, the severity scores of the clinical reactions and the levels of sIgE to Pru p 3 were statistically correlated, whereas in the northeastern population, the correlation was not statistically significant due to the low number of patients with severe allergic reactions. Another important finding of this study was the determination of cutoff levels for sIgE to Pru p 3 that allowed discriminating asymptomatic from symptomatic patients (2.87 kU~A~/L for the southern Italian population and 2.69 kU~A~/L for the northeastern population). Lower levels of sIgE to Pru p 3 and the co-sensitization to Pru p1 and/or Pru p 4 could explain the lower risk of severe reactions in the northeastern patients than in the southern patients, who were monosensitized and presented with higher levels of sIgE to Pru p 3, as if the simultaneous positivity to Pru p 1 and/or Pru p 4 can play a sort of 'protective' role against the development of severe symptoms induced by Pru p 3.[@bib99] Geographic differences are extremely relevant, and the future work of the PAMD@ committee will attempt to define a geographic map of allergen sensitization for the whole world.

The role of PAMD@ in food allergy risk assessment is relevant in pediatric patients, where it is now possible to map the sensitization profile in a low quantity of serum and, in some cases, to avoid oral food challenges that are costly, time-consuming, and not free from risk.[@bib100] An interesting review recently reported the cutoff values of sIgE levels for stratifying the risk of reactions to food (peanuts and tree nuts, cow\'s milk, egg, wheat, fish and seafood, fruits, and vegetables) in pediatric populations.[@bib101] Nevertheless, the results probably depend on the *in* *vitro* method used and comorbidities, and further large-scale studies are required before these cutoff values can be officially validated.[@bib101] Another paper extensively discussed the role of specific allergenic molecules in the development and persistence of egg allergy; for instance, the presence of elevated sIgE levels against ovomucoid (Gal d 1) seems to predict the persistence of allergy over time[@bib102]^,^[@bib103] and the inability to tolerate even extensively cooked eggs. Also, the evaluation of protein-specific sIgE levels and IgE/IgG4 ratios seems to be more helpful than the SPT in predicting tolerance to baked egg. In general, children sensitized to sequential epitopes are less likely to resolve their egg allergy than those presenting with sIgE to conformational epitopes. Nevertheless, even though PAMD@ represents a promising diagnostic tool, larger studies (including challenges with cooked egg) are needed to confirm its clinical utility; furthermore, the possibility of performing PAMD@ does not exclude the need for oral provocation tests in many patients[@bib104] because sIgE levels do not significantly predict the severity of allergic reactions or the outcome of oral provocation tests with the culprit food; that is, sIgE represents sensitization but not necessarily allergy. The presence of serum sIgE against food allergens in the absence of a significant clinical history is a common finding. In this case, the patient should be followed carefully for possible allergic manifestations, including reactions to other cross-reacting foods, but avoiding the suspected trigger only because of a positive sIgE result is not recommended, particularly during childhood when avoidance can lead to failure to thrive. An elimination diet, especially when the suspected food allergy could be due to cross-reactions, should be required only when a clear history is present or an oral food challenge is positive.

PAMD@ is also useful in cases of anaphylaxis, especially idiopathic anaphylaxis, food-dependent exercise-induced anaphylaxis, and red-meat anaphylaxis.[@bib105] Multiplex testing was used to identify potential causes of idiopathic anaphylaxis.[@bib106] The test identified 203 sensitizations in 22 (20%) of the 110 patients examined. Of these, 35 were considered to be plausible causes of the anaphylaxis, and the newly identified triggers were confirmed in 11 of the 22 patients. Omega-5-gliadin and shrimp allergens represented 45% of the previously unrecognized sensitizations, followed by seed storage proteins, nonspecific LTP (nsLTP), and latex allergens.

Specialists should keep in mind that some allergenic molecules are poorly represented in allergen extracts, and the predictive value of first-level diagnostic tests (SPT, sIgE detection) may not allow a proper diagnosis. For example, a proper investigation of serum sIgE directed against proteins belonging to the 2S-albumin family of seed storage proteins is quite necessary for risk assessment.[@bib101] Molecules such as Ara h 2 and 6, Cor a 14, Ana o 3, Ber e 1, and Jug r 1 are significantly predictive of allergic reactions to peanut, hazel, cashew, Brazil nut, and walnut, respectively. Co-sensitization to Ara h 2 and Ara h 6 is associated with severe reactions to peanut. Recent data indicate that Ses i 1 may represent the best marker for sesame allergy.[@bib7]

A recent review has been published regarding the relevance of lipophilic molecular allergens in diagnosis of food allergy.[@bib107] In fact, some severe allergic reactions are caused by lipophilic molecules that are not contained in the allergenic extracts for *in* *vivo* tests; among them are the oleosins, which are insoluble in saline or aqueous solutions. At the time this guideline was written, only oleosins of peanut (Ara h 10, Ara h 11), sesame (Ses i 4 and Ses i 5), and hazelnut (Cor a 12 and Cor a 13) had been registered as allergens. Furthermore, serum IgE specific for a group of molecular allergens, such as Jug r 2 (vicilin-like protein), Ana o 2 (legumin-like protein), Ses i 1 (2S albumin storage protein), Pen m 2 (arginine kinase), and Pen m 4 (sarcoplasmic calcium-binding protein), are identifiable only through multiplex arrays and are not available in singleplex.

In the case of *food-dependent exercise-induced anaphylaxis*, PAMD@ makes it possible to identify the pattern of allergic sensitization and then to avoid the trigger allergen(s) and other possible cofactors (such as nonsteroidal anti-inflammatory drugs or alcohol). Wheat-dependent exercise-induced anaphylaxis (WDEIA), for instance, is classically associated with allergic sensitization to omega-5-gliadin (Tri a 19)[@bib108]; nevertheless, patients reporting symptoms suggestive for WDEIA should be tested also for nsLTP, such as Pru p 3 and Tri a 14, because sensitization to the LTP family has been reported to be very common in cofactor-exacerbated allergic reactions in the Mediterranean basin.[@bib109]^,^[@bib110] In another study, 64 (78%) of 82 patients with food-dependent exercise-induced anaphylaxis were positive to Pru p 3, indicating that LTPs are the most frequent sensitizer in Italian subjects.[@bib111]

Of recent interest is the use of PAMD@ in the diagnosis of anaphylaxis occurring after ingestion of red meat (e.g., beef, pork, and lamb), despite tolerance to other meats like chicken or turkey. Tick bites from *Ixodes ricinus* in Europe and *Amblyomma americanum* in the US are considered the main determinants for the IgE responses against a mammalian oligosaccharide epitope called *galactose-α-1,3-galactose (alpha-gal).*[@bib112] IgE to alpha-gal has been associated with 2 distinct forms of anaphylaxis: i) delayed-onset anaphylaxis, which occurs 3--6 h after ingestion of mammalian food products (e.g., beef or pork); and ii) immediate-onset anaphylaxis during the first exposure to intravenous cetuximab, a monoclonal antibody for the treatment of metastatic colorectal cancer.[@bib113] sIgE levels seem to decrease over time, and some patients can tolerate red meat again after about 1--2 years if no additional tick bites occur.[@bib114]

PAMD@ in selected sensitizations {#sec5}
================================

Respiratory allergens {#sec5.1}
---------------------

Data have been published recently related to the molecular profiles associated with the development of allergic asthma.[@bib90]^,^[@bib115]^,^[@bib116] In a Korean study of 168 patients with allergic rhinitis, sIgE to molecular HDM allergens obtained with ISAC correlated with the clinical diagnosis and was 78.9% comparable to ImmunoCAP specificity, although the concordance was lower for *Alternaria*, birch, and mugwort.[@bib117] In a study from Singapore, 135 atopic subjects presenting mostly with allergic rhinitis underwent multiplex testing. A strong association was found between allergic rhinitis and HDM sensitization, whereas asthma and atopic dermatitis were not correlated with sensitization to any allergen, prompting the conclusion that the microarray should probably be adjusted for regional allergens.[@bib118] A Bavarian study with 86 patients showed that the IgE reactivities to major allergens had direct clinical relevance, whereas pan-allergens alone did not lead to clinical symptoms.[@bib119]

The often complex patterns of multisensitizations, which include IgE to cross-binding epitopes, may prompt the development of more sophisticated analysis tools. A UK-based group used latent variable modeling to study the patterns of sensitivities on ISAC in 461 children.[@bib116] Allergens clustered into 3 groups of allergenic components, which allowed the authors to correlate different clinical patterns with these clusters of IgE sensitivity. Because multiplex diagnostics are complex, it is likely that such models will be needed to understand the clinical implications of the results.[@bib116]

The specific molecular sensitization pattern of IgE, combined with the semiquantitative level determination, may predict the risk for allergic rhinitis and asthma, as well as the risk of accelerated and severe clinical reactivity for *Hymenoptera* venom,[@bib120] food allergy, exercise-induced food allergy, red-meat delayed anaphylaxis, latex allergy, or *Anisakis* allergy in the individual patient.[@bib49] Equally important is the fact that clinically relevant sensitizations can be differentiated from non-relevant sensitizations to CCDs and profilins, which translate to practical, relevant recommendations for patients.[@bib121]^,^[@bib122] Along these lines, it has been observed that co-sensitization to profilins is associated with a lower occurrence of systemic reactions to nsLTP or storage proteins.[@bib123]

### House dust mites {#sec5.1.1}

The presence of IgE to both Der p 2 and Der p 1 has highly significant predictive value for immediate-type asthma.[@bib124] In a birth cohort study of 1184 subjects in Italy,[@bib125] a combined sensitization to Der p 1 and Der p 2 represented the highest risk factor for asthma development, independent of age. Others have reported the specific impact of Der p 2 and Der f 2 allergens on severe asthma.[@bib126] Cysteine proteases, such as Der p 1 and papain, may have a percutaneous sensitization capacity, in addition to the described capacity to disrupt bronchial epithelial barriers.[@bib127] Der p 23 is a major allergen associated with asthma in both pediatric and adult populations.[@bib89]^,^[@bib128] The recently identified Der p 11 (a non-fecal allergen from *Dermatophagoides pteronyssinus*) seems to be a useful serological marker for the identification of a subgroup of HDM-allergic patients suffering from atopic dermatitis.[@bib129] The development of HDM allergen sensitization during life (the so-called allergen march) has been studied at a molecular level with their relationships with symptoms.[@bib89]

*Dermatophagoides* components cross-react with components of other HDM, in particular those from *Blomia tropicalis*. In this context, a positive IgE to *Blomia* components is specific in tropical environments, whereas it is related to a cross-reaction in temperate climates.

The cross-reactive capacity of mite allergens was analyzed in 200 Chinese patients with HDM allergy by PAMD@, showing that IgE to Der p 10 correlated with cross-sensitization to shrimp, moth, and cockroach allergens (Pen m 1, Ani s 3, and Bla g 7).[@bib130] A clinical risk assessment of the apparent cross-reactivity revealed that higher levels of IgE to rPen a 1 and rDer p 10 correlated with positive responses in double-blind placebo-controlled food challenges (DBPCFC) with shrimp. Furthermore, diagnosed asthma to HDM and IgE to nDer p 1, 2, and 10 predicted a higher risk for clinically relevant shrimp allergy.[@bib131]

Tropical climates, although scarcely studied, are a suitable environment for the development of mite sensitization; indeed, mites are the most prevalent allergen source in the tropics, followed by pets and cockroaches,[@bib132] whereas pollen and molds are less relevant than in North America and Europe. In tropical places where helminth infections are prevalent, cross-reactivity between mites and tropomyosins from the nematode *Ascaris lumbricoides* are associated with asthma symptoms.[@bib128]^,^[@bib133]^,^[@bib134] In tropical climates, Blo t 5 from *B. tropicalis* has been associated with severe allergic dermatitis.[@bib135] Recently, a clear relationship has been shown between sensitization to HDM components and the outcome of AIT with the relevant components.[@bib136]

Several cases of anaphylaxis after oral ingestion of mites have been reported in patients sensitized to mites who ingested contaminated food (pancake syndrome). The species identified were *Suidasia* spp., *D. pteronyssinus*, *Aleuroglyphus ovatus*, *Lepidoglyphus destructor*, and *B. tropicalis.*[@bib137] Of note, group 2 mite allergens (NPC2), which are heat resistant, have been suggested to be responsible for (severe) symptoms of oral mite anaphylaxis.[@bib137]

### Pollens {#sec5.1.2}

Regional and climate differences determine pollen counts and species. Birch pollen is a dominant pollen source in much of Europe, with Bet v 1 as the single major allergen that is responsible for cross-sensitizations and cross-reactivities with pollen from other species and plant-derived food. The higher the IgE levels to Bet v 1, the higher the risk for cross-reactivities in a hierarchical clustering of Bet v 1 \> Mal d 1 \> Cor a 1.04 \> Ara h 8 \> Pru p 1 \> Aln g 1 \> Api g 1 \> Act d 8 \> Gly m 4, such that if IgE was present to the allergens lower in the hierarchy it was also present to those allergens higher in the list.[@bib88] Additionally, high levels of IgE to Bet v 1 correlate with the likelihood of allergic rhinitis persisting beyond the age of 16 years. Interesting associations between clinical presentation and specific PR-10 sensitization profiles were observed in a birch-free Mediterranean area: Bet v 1, Cor a 1.0101, and Aln g 1 reactivity are associated with respiratory symptoms, whereas Ara h 8, Cor a 1.0401, Gly m 4, Mal d 1, and Pru p 1 are selectively linked to the occurrence of oral allergic syndrome.[@bib138]

In Brazil, IgE profiles typical of grass pollen sensitization were found.[@bib139] In Iran, IgE in 202 adult asthmatic patients was directed against the grass pollen allergens Phl p 1 and 5, but even more to *Salsola kali* (Sal k 1), which is an important pollen source in this area.[@bib140] However, the authors did not find a correlation between IgE levels and asthma symptoms.

The development of IgE to grass pollen and mite during childhood was studied in a component-based fashion in the birth cohort of 1184 subjects in Italy mentioned above. Whereas an early onset of sensitization was associated with decreased lung function and asthma, the late-onset type was predictive for allergic rhinitis.[@bib125] In the case of grass pollen sensitization, the timing of IgE development (early vs. late) was rather decisive for the clinical course, whereas in mite allergy, the presence of IgE to Der p 1 or 2, or combined sensitization, had a higher predictive value. Another extensive study on the development of grass pollen allergy has been published in the past.[@bib141] Savi et al. found that in 140 patients with allergic rhinitis or asthma caused by sensitization to grass pollen, the only correlation between allergens and symptoms was that low levels of Phl p 5 IgE were correlated with an absence of asthma.[@bib142] Similarly, Bokanovic et al. did not find a correlation of IgE levels to any of the tested grass pollen molecules, nor to symptom severity, and suggested that Phl p 1 is sufficient as a marker for sensitization without clinical relevance.[@bib143] Interesting work on mugwort sensitization comes from China: Art v 1 and Art an 7 were predominant in a patient cohort in the northern part of the country that suffered more often from asthma than a cohort in the Southwest, where Art v 3 was prominent in addition to Art v 1 and Art an 7. However, potential confounding environmental factors were not addressed.[@bib20]^,^[@bib144]

Vernal conjunctivitis usually occurs on a background of a family history of allergies, most often in young boys. Armentia et al.[@bib145] showed that PAMD@ could be used to diagnose allergy and to introduce precise AIT, which was successful in reducing eye diseases after 1 year in 13 of the 25 patients examined.

### Pet dander {#sec5.1.3}

Animals are the leading cause of allergic asthma after mites and pollens,[@bib146] with some geographic exceptions. In Europe, about 26% of adults evaluated for suspected allergy to inhalant allergens are sensitized to cats and about 27% are sensitized to dogs.[@bib147] In the US, 12.1% are sensitized to cats and 11.8% are sensitized to dogs.[@bib148] Although there are possible differences between breeds, all dogs produce allergenic proteins found in the epithelium, dander, lingual glands, prostate, and parotid glands.[@bib149] The major dog allergens are Can f 1 and Can f5 ^149^; Can f 5, a prostatic kallikrein, is present only in male dogs that have not been neutered.[@bib150] IgE to Can f1 and Can f 5 are highly predictive of dog allergy, although other allergens such as Can f 4 and Can f 6 may be clinically significant. The major cat allergens are Fel d 1 and Fel d 4; the sources are salivary, sebaceous, and perianal glands.[@bib150] Fel d 1 is associated with hormone production and acts as a uteroglobin; it is found mainly in saliva, sebaceous glands of the skin, and the urine of male cats. Fel d 1 is carried in very small airborne particles \<5 μm in diameter; this likely renders it able to reach small bronchioles and can explain why it is difficult to remove from the house.

The homology between different dog and cat allergens such as albumins and lipocalins explains the cross-sensitization between them and allergens from other mammals and the presence of simultaneous sensitization to dogs, cats, and other mammals regardless of whether there is or is not direct exposure to all of them.[@bib151] Some of these antigens cause clinically relevant cross-reactivity between different animals ([Fig. 1](#fig1){ref-type="fig"}). The most significant cross-binding patterns between allergens of cats, dogs, and other mammals are with lipocalins and Can f 5. Lipocalins have amino acid sequences with up to 60% identity with Can f 6 (dog), Equ c 1 (horse), Fel d 4 (cat), Ory c 4 (rabbit), and Mus m 1 (mouse). Can f 5 shows a certain homology with prostate-specific antigen, which is also in the kallikrein family. It has been speculated that prior sensitization to Can f 5 from dogs could be associated with a greater propensity for developing allergic reactions to human seminal fluid.[@bib152] Finally, Can f 7, an NPC2-like protein that is homologous with the NPC2 components of HDM, has been identified in dogs.[@bib153]Fig. 1Relevant molecules involved in the identification of cat, dog and horse sensitizationFig. 1

Exposure before and around birth to dog dander or to dust from cow barns is regarded as protective against allergies and asthma. However, if sensitization does occur, multiplexing could be helpful to identify the extent of risk for the individual patient to define avoidance or AIT strategies,[@bib154] and to identify other animals that may be a source of clinically relevant cross-reacting allergens despite no prior exposure. Sensitization to Can f 1 and Fel d1 and polysensitization to cat and dog allergens during childhood have been associated with the development of subsequent allergy to cats and dogs.[@bib155] In 259 children sensitized to cats, co-sensitization to Fel d 1 and Fel d 4 was associated with a risk for asthma; for dog sensitization, IgE to Can f 5, 1, and 2 were the most significant risk factors.[@bib156] In contrast, IgE to serum albumins was rare and not clinically relevant. In 304 children, early sensitization to pet allergens (lipocalins, secretoglobins) preceded a risk for respiratory sensitization, followed by asthma and by meat and wheat allergy.[@bib157] Sensitivity to the dog allergens Can f 4 and Can f 6 were associated with positive nasal provocation in children with allergic rhinitis.[@bib158] The authors did not, however, regard monosensitization to Can f 5 as an indicator of a dog allergy.

In contrast to its usefulness in determining dog allergy, PAMD@ has limited effectiveness for cat allergy. Its perfomance in determining sIgE is similar for complete cat extract and Fel d 1,^159^ a predictive marker of allergy to cats.

Sensitization to certain allergens seems to be associated with the severity and persistence of clinical symptoms, and sensitization to more than 1 allergen or sensitization to albumins seems to be associated with more-severe respiratory symptoms.[@bib148]^,^[@bib159] In patients allergic to cats, the main cross-reacting food allergy syndrome is the pork-cat syndrome due the cross-binding of Fel d 2 with other albumins from mammals; it can lead to immediate anaphylactic reactions after consuming raw or undercooked pork. As noted above in the section on meat allergy, alpha-gal is also present on cat IgA Fel d 5 and IgM Fel d 6.[@bib160]

### Cockroach {#sec5.1.4}

SIgE to Per a 2 has been found in patients with persistent asthma and is a potential marker for more-severe airway disease. PAMD@ could help to detect genuine sensitization to mite and cockroach allergens.[@bib161] Two cockroach allergens, Per a 11 (alpha-amylase) and Per a 12 (chitinase), have been identified by serological and *in* *vitro* investigations and SPT in 47 cockroach-sensitized patients.[@bib162]

### Fungal allergens {#sec5.1.5}

Tanimoto et al. aimed to differentiate between allergic bronchopulmonary aspergillosis (ABPA) and *Aspergillus fumigatus*--sensitized asthmatic patients without ABPA.[@bib163] ImmunoCAP showed that ABPA patients (n = 53) had significantly higher levels of IgE to Asp f 1 and Asp f 2 than patients with asthma (n = 253). The result was complicated by comorbid atopic dermatitis, where high levels of anti--Asp f 6 IgE levels were found. Interestingly, Asp f 13, a serine protease, exerts innate adjuvant effects by disrupting fixation of smooth muscles to the extracellular matrix in the bronchi,[@bib164] but the risk of a clinical reaction has not yet been defined. In a meta-analysis of 26 studies on *Aspergillus*, IgE to Asp f 1 and Asp f 3 was most specific for ABPA.[@bib165] A combination of several molecules was suggested to help with diagnosis, but the clinical utility was not assessed.

Food allergens {#sec5.2}
--------------

Multiplex testing provides a major advantage for diagnosing food allergy, whereas IgE binding to single molecules may help to predict the severity of symptoms upon allergy exposure according to the stability of the allergen. This prediction is based on the classification of food allergens according to whether they only elicit local symptoms in the mouth and are then digested, or they survive gastrointestinal digestion and, via effective mucosal adsorption, lead to systemic symptoms.[@bib166]

This classification, however, is only a prediction, because cofactors like age, hormonal status, the capacity for gastric digestion, drugs, infections, menses, alcohol, and exercise may accelerate the allergen entry into the body, thereby lowering the threshold for allergic reactivity and increasing the likelihood of systemic reactions.[@bib167]

In 86 patients with food allergies, a prescription for epinephrine was taken as a measure of the clinically predicted risk for severe reactions.[@bib168] The presence of a prescription was in fair agreement with the predictive value of multiplex testing. However, the authors found 3 problems with the microarray that need to be addressed: poor sensitivity, some discrepancies between the clinical and serological risk assessments, and the absence of some causative allergens from the microarray. For instance, LTPs from tomato are not yet included in the multiplex test, but studies indicate their importance in clinically relevant sensitization, particularly in the Mediterranean area.[@bib169]

A European consensus paper focused on food-inhalant cross-reactivity noted that respiratory sensitizations may lead to clinically relevant, even severe, reactions to cross-reactive food.[@bib41] This is a noncanonical view, because pollen-associated foods are usually regarded as labile and less potent, despite reports of anaphylactic reactions to foods in patients monosensitized to PR-10 allergens[@bib96] or profilins.[@bib97] There is accumulating evidence that pollen also contains LTPs and nsLTPs that may elicit cross-reactivity to foods that are associated with a higher anaphylaxis risk.[@bib170] An Italian study of 568 patients[@bib170] found that hierarchical patterns and cluster relationships predicted a higher risk for systemic food-associated reactions when a subject had IgE directed against more than 5 different nsLTPs, including peach Pru p 3 and walnut Jug r 3. Sensitization to mugwort Art v 3 and plantain Pla a 3 was associated with an increased likelihood of respiratory symptoms. Finally, Ole e 7 reactivity in olive tree--sensitized subjects is associated with the presence of adverse reactions to food and not with respiratory symptoms.[@bib171]

IgE to LTPs or storage proteins of a specific plant food did not correlate with clinical reactivity in the majority of 130 Spanish children with food-associated anaphylaxis to mostly peach, walnut, peanut, and hazelnut,[@bib172] calling into question the predictive value of PAMD@ for food allergy to LTPs and seed storage proteins. These data were in line with an earlier study[@bib173] that found no correlation between sensitization to the LTP Pru p 3, as measured with component-resolved SPT, and the severity of clinical reactivity. Therefore, more studies need to be performed that examine the correlation between the multiplex IgE results, the level of sensitization, and the clinical picture. However, considering the risk of *in* *vivo* tests for diagnosing patients with a previous systemic reaction, multiplex IgE testing is an interesting alternative tool to examine the IgE profile and level of sensitization in a semiquantitative manner in settings when SPT cannot be applied.[@bib122] Of course, cofactors cannot be considered or predicted. Likely, clustering algorithms like those recently developed for allergic rhinitis and asthma[@bib116] are needed for improving the accuracy of risk evaluation in food allergy by PAMD@, but overall, clinical studies on multiplex IgE testing indicate good reliability for risk assessment.[@bib174] The highest diagnostic accuracy is achieved with Bos d 4 for cow\'s milk, Gal d 1 for heated or raw hen\'s egg, Ara h 6 for peanut, Cor a 14 for hazelnut, and Lit v 1 for shrimp.[@bib48] In addition PAMD@ may provide an economic benefit, especially in multisensitized patients.[@bib175]

### Milk {#sec5.2.1}

In milk allergy, desensitization strategies are important both for the management of the disease and for nutrition in children. Kuitunen et al. treated 76 milk-allergic children with oral immune therapy (OIT). Children with high levels of IgE to α-lactalbumin, β-lactoglobulin, and casein reached a lower maintenance dose than the target dose.[@bib176] In patients who did respond, IgG4 was produced against these same molecules and lactoferrin during OIT. The authors suggested that the use of PAMD@ before OIT could improve the selection of children for whom OIT would probably succeed[@bib176]; that is, these molecules represent biomarkers.[@bib177] On the other hand, those children with the highest IgE have the highest need for desensitization. For example, children with higher levels of IgE to cow\'s milk allergens in PAMD@ had a higher risk for persisting milk allergy.[@bib178]

Using PAMD@, the IgE/IgG4 ratio and the sIgE sensitization pattern allowed the discrimination of patients with cow\'s milk allergy who tolerate cooked milk.[@bib179] However, further PAMD@ studies are needed to predict tolerance, with the hope of being able to reduce the need for food challenges.[@bib180]

### Egg {#sec5.2.2}

Sato et al. reported that ovomucoid is a diagnostic marker for egg allergy.[@bib177] However, this may differ with age: Kim et al. divided 27 children with convincing egg-related, immediate-type symptoms into 3 age groups and analyzed their IgE reactivity to ovomucoid (Gal d 1), ovalbumin (Gal d 2), and ovotransferrin (Gal d 3) by enzyme-linked immunosorbent assay or immunoblot.[@bib181] The study showed that the IgE against Gal d 2 developed in the first year of life, in the second year the IgE changed to be predominantly against Gal d 1, and after 24 months an additional Gal d 3 response developed. Hence, there appears to be an age-dependent effect on IgE evolution to egg allergens in small children. Dang et al. calculated the risk for clinically relevant, persistent egg allergy in the HealthNuts cohort: IgE to Gal d 1 elevated the risk 2- to 3-fold, and IgE to Gal d 1, 2, 3, or 5 elevated the risk up to 4-fold.[@bib182]^,^[@bib183] Accordingly, Gal d 1 and 2 are associated with a higher risk for egg anaphylaxis.[@bib183]

### Peanut {#sec5.2.3}

Among the food allergies, multiplex testing is probably the most advanced for peanut allergy, where it has found its place in risk assessment. Based on a retrospective serological examination of 89 Belgian patients with peanut allergy, Ara h 1, 2, and 3 were proposed as markers for sensitization and were associated with clinical reports of more-severe reactions, whereas IgE to Ara h 8 was a sign of cross-sensitization by pollen and was associated with oral allergy syndrome rather than severe reactivity.[@bib184] This was supported by Giovanni et al., who found that IgE to Ara h 1 and 2 was associated with anaphylaxis, whereas Ara h 8 produced only weak clinical reactivity.[@bib185] In Austria, sensitization to Ara h 2 and 6 was more common than to Ara h 8, 3, and 9,[@bib186] although the diagnostic sensitivity was good for each.

A double-blind, placebo-controlled study in 102 patients provided evidence that the storage proteins Ara h 2 and Ara h 6 are the best predictors of severe systemic reactions to peanuts that require treatment with epinephrine.[@bib187] The authors concluded that multiplex IgE testing could replace provocation for diagnosis of severe peanut allergy. The EuroPrevall team stated that Ara h 2 might be regarded as the single major allergen,[@bib188] whereas peanut-tolerant individuals had more IgE to Ara h 8 and 9. However, in an Asian cohort of 40 patients tolerant patients had IgE to neither Ara h 2 nor Ara h 9. A ratio of Ara h 2 IgE to peanut IgE above 0.6 was suggested to be predictive of severe reactions,[@bib189] although different methods can result in different cut-off values.

Interestingly, IgE to CCDs was exclusively found in tolerant patients.[@bib189] This phenomenon was also seen in a Ghanaian cross-sectional study of 1604 children, with adverse reactions in 17% of them, mostly associated with a sIgE response. A co-infection with *Schistosoma haematobium* was revealed as the sensitizer to CCDs, resulting in peanut-cross-reactive IgE without clinical implications.[@bib190] A PAMD@ result including CCDs may thus be an indicator of tolerance. In contrast, sensitization to the defensins Ara h 12 and Ara h 13 in the lipophilic peanut fraction was associated with more-severe reactions.[@bib178]

Alternative efforts include determining IgE, IgG, and IgG4 in the same sample. Lower levels of IgE to Ara h 2 predicted clinically relevant tolerance, in contrast to IgG and IgG4, which failed to discriminate.[@bib191]

### Soy {#sec5.2.4}

Because soy is related to peanut, it also represents a source of dangerous allergens. Notably, in addition to Gly m 5 and 6, the Bet v 1 homolog Gly m 4 harbors high allergenic potency due to its heat stability. In a multiplex study with sera from 20 soy-allergic patients, IgE to Gly m 4 predicted severe systemic reactions.[@bib95] Soy is important in global nutrition, and its allergenicity is best evaluated at a molecular level. Lu et al.[@bib192] identified β-conglycinin (Gly m 5), glycinin (Gly m 6), and soybean Kunitz trypsin inhibitor as major IgE binders in the sera of patients with clinical symptoms of soy allergy; in contrast, in sensitized-only subjects, IgE was bound by soybean agglutinin, seed biotinylated protein, late embryogenesis protein, and sucrose-binding protein. Gly m 8 (a 2S albumin) is also a relevant allergen in both children and adults.[@bib193]^,^[@bib194]

### Hazelnut {#sec5.2.5}

In the EuroPrevall setting, hazelnut sensitization across Europe is dominated by IgE to Cor a 1,[@bib195] a labile Bet v 1 homolog that cross-reacts with birch pollen but is less dangerous. There were, however, a few geographic exceptions. For example, in Athens the storage protein Cor a 8 was a frequent sensitizer, and this sensitization was associated with food allergy to other nuts and rosacea fruits, and with an allergy to pollen from the goosefoot weed, plane tree, and mugwort. Increasing evidence supports the LTP Cor a 9 and the storage proteins Cor a 14 as causing severe hazelnut-associated symptoms and the more-severe type of cross-reactivity symptoms. In the Eastern Mediterranean area, IgE to Cor a 14 was identified in 56 children with clinically relevant sensitization.[@bib196] This is in agreement with a Dutch study of 161 hazelnut-sensitized patients that confirmed the predictive value of Cor a 9 and 14 sensitization by DBPCFC, where 13% of children and 49% of adults could be identified objectively.[@bib197] Importantly, the levels of IgE to Cor a 9 and 14 directly correlated with the reactivity level of 40 hazelnut-allergic children in DBPCFC.[@bib198]

Moreover, IgE cross-binding between rCor a 9, rCor a 14, and rJug r 1 indicated the potential clinical implications for patients sensitized to one of these nuts.[@bib199] Two studies using PAMD@ identified sIgE to Cor a 9 and Cor a 14 as being associated with a history of anaphylaxis in response to hazelnut.[@bib185]^,^[@bib200] In contrast, Cor a 1 was associated with mild reactions. When symptoms like atopic dermatitis and pollen allergy were combined with PAMD@, the highest risks for symptoms were found when IgE to both Cor a 14 and walnut were present. Another study found that PAMD@ allowed for more accuracy in predicting severe hazelnut-associated symptoms in patients with the pollen-food syndrome, but was poor in peanut allergy diagnosis.[@bib201]

### Walnut {#sec5.2.6}

As noted above, 2S seed storage proteins were recently identified as eliciting cross-reactivity between walnut and hazelnut.[@bib199] Giovannini et al. showed that the presence of Jug r 1, Jug r 2, or Jug r 3 sIgE was associated with preceding anaphylaxis,[@bib185] indicating that sensitivity to these allergens should be considered a risk factor for anaphylaxis.

### Wheat {#sec5.2.7}

ImmunoCAP and immunoblot were used for PAMD@ in sera from children with a suspected wheat allergy.[@bib202] Of these children, 44 were reactive and 62 nonreactive to the food challenge. Although the authors confirmed α-, β-, γ-, and ω-gliadins and low-molecular-weight glutenin as major allergens in terms of IgE binding, these allergens were not able to discriminate the tolerant from the challenge-positive children. In contrast, a Scandinavian study found that these same compounds, and the dimeric alpha-amylase inhibitor AAI 0.19 (Tri a 28), were clinically relevant antigens that helped to identify reactive patients among 108 children with a suspected wheat allergy.[@bib203] Higher levels of sIgE to wheat or ω-5 gliadins also predicted anaphylaxis to wheat in Japanese infants[@bib204] and likely predict reactions to food challenges.[@bib205] This is significantly associated with WDEIA.[@bib206]

Tri tu 14 (from durum wheat) shares about 50% amino acid identity with Tri a 14 (from common wheat), leading to a potential danger for cross-reactivity in WDEIA. Further *in* *vitro* cross-binding was found to Pru p 3 from peach.[@bib207]

Wheat allergy represents not only a food allergy but also a relevant occupational allergy in bakers\' asthma. When 101 bakers (40 German, 37 Dutch, and 24 Spanish) with wheat flour allergy were tested by CAP-FEIA combined with inhibition by wheat or rye flour and grass pollen extract, Tri a 27 and Tri a 28 were found to be the most important IgE binders.[@bib208] The highest diagnostic accuracy, however, was achieved with a combination of 5 allergens, which allowed discrimination of occupational sensitization from exposure to homologous pollen.

### Buckwheat {#sec5.2.8}

Buckwheat (*Fagopyrum esculentum* and *F. tataricum*) is not in the same family (Poaceae) as wheat and is used as an alternative to wheat. However, it also poses a risk for food-induced anaphylaxis. Buckwheat allergy is predicted by concomitant sensitization to legumin, Fag e 2, and Fag e 5.[@bib209] IgE to Fag e 3 correlates with a risk for anaphylaxis.[@bib210] Interestingly, horses may also develop IgE to buckwheat from their diet.[@bib211]

### Rosaceae fruits {#sec5.2.9}

Peach allergy in northern and southern Italy differs in terms of the molecular allergens relevant for IgE binding. In the north, pollen-derived PR-10 allergens are the primary sensitizers, and anti--Pru p 1 sensitization produces weaker symptoms. In the south, the nsLTP Pru p 3 was long regarded as the major sensitizer as well as an elicitor of allergic reactions. In a study on 133 Pru p 3--positive patients, a south-north gradient in sensitization patterns to peach molecules was reported.[@bib98] Additionally, the authors found a significant correlation between the levels of IgE and symptom severity and were able to differentiate symptomatic from non-symptomatic patients. A suspected cross-sensitizing capacity of cypress to peach could not be confirmed.[@bib98]^,^[@bib212] A recent study changed this paradigm by reporting that Pru p 3 sensitization is a marker for severe reactions in central Europe as well as southern Europe.[@bib213] Recently, a new cross-reactive pan-allergen has been characterized that belongs to the gibberellin-regulated protein (GRP) family. BP14 from cypress pollen, Pru p 7 from peach, and Pun g 7 from pomegranate are some representative GRP molecules.[@bib214], [@bib215], [@bib216], [@bib217]

### Kiwi {#sec5.2.10}

Among 59 people in Sweden with peanut allergy, 39% also reported symptoms to kiwi, likely elicited by cross-reactivity between the 11S and 7S globulins present in both kiwi and peanut, and co-sensitization to the kiwi 2S albumin Act d 13.[@bib218] Additional reactivities to nuts and legumes other than peanuts were also reported.[@bib218]

### Fish {#sec5.2.11}

Parvalbumin is the most frequent cause of fish allergy and has been implicated in cross-reactivity among fish species. Parvalbumin is heat stable, so cooking is not expected to affect reactions to it in sensitized patients.[@bib74] Kuehn et al. identified 2 additional allergens: beta-enolase and fructose-bisphosphate aldolase.[@bib219] Among 62 patients, 60% showed IgE to these new allergens. Their specific implications for risk assessment and cross-reactivities still need to be evaluated, but recent papers support the high predictive value of PAMD@ for risk assessment in patients with fish and shellfish allergies.[@bib220]

### Shellfish {#sec5.2.12}

To identify the clinical relevance of sensitization to shrimp allergens, IgE to recombinant shellfish antigens and IgE and IgG4 to peptides were determined in 86 patients with a positive SPT to shrimp; a group co-sensitized to HDM or cockroach were used as controls.[@bib221] All subjects underwent DBPCFC. Positive challenges to shrimp were more frequently associated with IgE to tropomyosin and, especially, to sarcoplasmic calcium-binding proteins. The control subjects only showed positive challenges with arginine kinase and hemocyanin. IgE to HDM Der p 10 is associated with clinically relevant cross-reactive syndromes to shrimp,[@bib130]^,^[@bib131] as discussed in more detail in the Mite section below. However, high shrimp-sIgE levels and high IgE to Der p 10 were revealed as specific risk markers for genuine shrimp allergy that is independent of HDM sensitization.[@bib222] Recently, several other molecules associated with IgE-mediated reactivity to crustaceans have been isolated in allergic patients.[@bib223] Arginine kinase, sarcoplasmic calcium-binding protein, myosin light chain, myosin heavy chain, troponin C, glyceraldehyde-3-phosphate dehydrogenase, triosin phosphate isomerase, enolase, hemocyanin, Ca^++^ ATPase of smooth endoplasmic reticulum, and pyruvate kinase are the most relevant.[@bib224]

### Meat {#sec5.2.13}

The oligosaccharide antigen alpha-gal has been identified as the causative allergen in an unusual delayed-type yet IgE-mediated allergy to meat.[@bib49] Alpha-gal epitopes were detected on porcine peptidases and on the angiotensin-I-converting enzyme and aminopeptidase N from pork kidney. A positive basophil degranulation assay with IgE using serum samples from 59 meat-allergic patients associated these epitopes with a delayed type of anaphylaxis.[@bib225] Alpha-gal--containing allergens from beef can be either heat labile (triosephosphate isomerase, carbonic anhydrase 3, lactate dehydrogenase) or heat stable (creatine kinase M-type, aspartate aminotransferase, beta-enolase and alpha-enolase).[@bib226] The numbers of reported cases have continued to increase and are now reported from sites across the world and are closely associated with tick bites.[@bib113] Salivary prostaglandin E2 from ticks may serve as an adjuvant, increasing sIgE to alpha-gal.[@bib227] Tick feeding induces the production of alpha-gal--containing proteins in tick salivary glands, even after feeding on human blood not containing alpha-gal, implying that the alpha-gal--containing proteins are inherent tick proteins, not transferred via a prior blood meal.[@bib228] Feeding causes increased tick galactosyltransferase expression in the midgut and increased alpha-gal levels throughout the tick.[@bib229] Alpha-gal is also present also on cat IgA Fel d 5 and IgM Fel d 6; however, cross-sensitization between cat antigens and alpha-gal is not clinically relevant.[@bib160] Alpha-gal is not the only meat allergy. For example, although rare, poultry allergy has been observed, both as a primary allergy and as secondary sensitization associated with Gal d 5 sensitization.[@bib230] In addition, a rare cat-pork syndrome related to sensitization to Fel d 2 has been described.[@bib231]

Latex {#sec6}
=====

PAMD@ has been applied to occupational allergies, including natural rubber latex allergy.[@bib232] While Hev b 1 and Hev b 3 are associated with multiple surgeries and severe perioperative anaphylaxis, Hev b 5 and Hev b 6.02 are associated with glove usage and urticaria, angioedema, rhinoconjunctivitis, and asthma. Sensitization to latex compounds was analyzed in 82 patients with occupational allergy to latex and affirmed by specific inhalation test, showing that especially high IgE levels to both rHev b 5 and rHev b 6.01 or 6.02 significantly predicts a bronchial response.[@bib233] When patients identified as sensitized by microarray and symptomatic patients were tested on Hev b 1, 3, 5, 6, 7, 8, 9, 10, and 11, patients sensitized to only Hev b 8 were likely to be asymptomatic.

About half of patients sensitized to latex demonstrate allergic symptoms related to food intake, particularly with fresh fruits, in a condition known as the latex-fruit syndrome. Avocado, banana, chestnut, and kiwi are the most frequent inducers. Hev b 2, Hev b 6.02, Hev b 7, Hev b 8, and Hev b 12 have been described as the responsible components.[@bib74]

Parasite allergy {#sec7}
================

Although the natural function of IgE has been proposed to be a defense against parasites, high parasite IgE levels may be associated with asthma and allergy. Therefore, allergens from worms may be useful for diagnosis. A study on *Ascaris* allergy (versus mite allergy) in the tropics investigated IgE to Asc s 1 (ABA-1), Asc l 3 (tropomyosin), and glutathione transferase.[@bib133] Even though the tropomyosins Asc l 3, Blo t 10, and Der p10 are highly homologous, sensitization to *Ascaris* turned out to be independent of co-sensitization to the HDM tropomyosins. However, high levels of IgE to species-specific Blo t 5 and Asv s 1 and to the tropomyosins Asc l 3, Blo t 10, and Der p10 predicted more-severe asthma.[@bib134]

A major new allergen, Ani s 11-like protein, was found in the parasite *Anisakis*. This allergen is greatly resistant to *in* *vitro* digestion and heat,[@bib234] which may be important when the allergen is encountered orally. Ani s 11-like protein was recognized by 78% of 37 tested *Anisakis*-allergic patients. In 2 groups of Italian and Spanish patients, one with *Anisakis* allergy (n = 32) and the other asymptomatic (n = 77), the prognostic value IgE to nAni s 4, rAni s 1, rAni s 5, rAni s 9, and rAni s 10 was only moderate.[@bib235]

Hymenoptera and insects {#sec8}
=======================

PAMD@ is helpful to discriminate between true allergy to different venoms and cross-sensitization, allowing physicians to correctly identify the risk and to optimize venom selection for immunotherapy.[@bib5]^,^[@bib74] PAMD@ is also useful in identifying patients with *Hymenoptera* venom-induced anaphylaxis who have negative test results to whole-venom extracts.[@bib236]^,^[@bib237] PAMD@ with CCD-free allergens and CCD markers is always preferable. PAMD@ can also discriminate between primary sensitization and cross-sensitization in patients who have positive responses to more than one whole extract, allowing the specialist to choose the most suitable venom for venom immunotherapy (VIT) and to avoid treatment with double VIT.

More work has to be carried out to assess whether PAMD@ may detect biomarkers for VIT efficacy, as well as the risk of side effects and relapse after stopping the treatment.

Diagnosis of venom allergy can be difficult because patients who have not identified the stinging *Hymenoptera* may be sensitized to multiple venoms. Double positivity to the venoms of *Apis mellifera* and *Vespula* spp*.* is found in 25--40% of cases and may be due to true double sensitization or to cross-binding between epitopes present in both venoms (hyaluronidase Api m 2 in bee and Ves v 2 in wasp, dipeptidyl peptidase IV Api m 5 and Ves v 3, or vitellogenin Api m 12 and Ves v 6) or to CCD.[@bib238]^,^[@bib239]

Api m 1 (phospholipase) and Api m4 (melittin) are the most relevant allergens of bee venoms. Other HBV allergens are contained in the venom in lower quantities: rApi m 2 (hyaluronidase), rApi m 3 (acid phosphatase), rApi m 5 (dipeptidyl peptidase V), and rApi m 10 (icarapin)*.* Despite the low abundance of these allergens,[@bib240] patients allergic to bee venom often have a broad sensitization profile to them. The combination of 2 allergens (Api m 1 and Api m10 10) allows diagnosis in 86.8% of cases, and a combination of 6 allergens (Api m 1-2-3-4-5-10) has a sensitivity of 94.4%*.*

Patients with allergy to venom from *Vespula* spp*.* are sensitized mainly to Ves v 1 and Ves v 5. The presence of sIgE to the combination of these 2 recombinant allergens allows the identification of \>95% of patients allergic to *Vespula.*[@bib241]^,^[@bib242] A combination of rApi m 1, rApi m 10, Ves v 1, and rVes v 5 was found to be useful for identification of the culprit venom in patients allergic to bee and wasp.[@bib243]

Yellow jacket venom (YJV) also contains the dipeptidyl peptidase Ves v 3, which shows high homology to Api m 5 and induces sensitization in 50--62% of YJV-allergic patients. The hyaluronidase Ves v 2 is reported in 5--20% of the YJV-allergic patients and seems to be of limited relevance in the sensitization. *Aedes communis* reactivity has been associated with bee venom hypersensitivity in a large group of Italian individuals reporting immediate reactions after mosquito bites.[@bib244]

The allergen composition of *Polistes dominulus* venom (PDV) is very similar to that of YJV, and the most important allergens are Pol d 1 (phospholipase A1), Pol d 3 (dipeptidyl peptidase IV), and Pol d 5 (antigen 5). Pol d 3 is a very good reagent, but it cross-binds with both *Apis* and *Vespula* dipeptidyl peptidase IV.[@bib245] PDV also contains a serine protease (Pol d 4) and a hyaluronidase (Pol d 2), for which no data about clinical relevance are available so far.[@bib245]

Cross-sensitization between allergens of 2 species often induces diagnostic difficulties.[@bib246], [@bib247], [@bib248] In cases of difficult interpretation between *Vespula* and *Polistes* sensitizations, the use of Ves v 5 and Pol d 5 in the diagnostic panel seems to be helpful, provided that the difference of sIgE levels between the 2 molecules is particularly large, with the value of one at least double that of the other.[@bib249], [@bib250], [@bib251], [@bib252] In southern Europe, *Vespula-Polistes* double sensitization is more frequent than *Vespula*-*Apis* double sensitization.[@bib253]

IgE to CCD can also explain multiple positive *in* *vitro* results, and serum determination for CCD (bromelain or MUXF3) allows greater diagnostic accuracy.[@bib254] Of note, ImmunoCAP cellulose displays CCD epitopes that may cause false-positive test results in patients with elevated anti-CCD IgE antibody levels, even when recombinant molecules are evaluated.[@bib255]

Only 83.4% of patients with systemic reactions to YJV could be diagnosed by using the conventional YJV ImmunoCAP, whereas sensitization was confirmed in 96% of patients using the individual allergens Ves v 1 and Ves v 5.[@bib256] Of the patients with negative ImmunoCAP results, only one tested positive for Ves v 1, but 84.4% showed a positive test for Ves v 5, suggesting a shortage of available Ves v 5 epitopes in the whole-venom preparation despite the abundance of this allergen in YJV. Since 2012, the YJV ImmunoCAP has been spiked with recombinant Ves v 5, increasing the diagnostic sensitivity to 96.8%.[@bib257]

In HBV, only 1 of 5 relevant allergens (Api m 1) is present in the venom in substantial amounts, and only trace amounts of the others are detectable. Moreover, an intrinsic instability and rapid degradation of the important major allergen Api m 10 has been reported.[@bib253]^,^[@bib258] ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2A practical algorithm emplying allergen molecules for the identification of sensitization to hymenoptera. HBV: Honey bee venom; VYJV = Yallow Jacket venoms; PDV: polisted dominulus venom; CCD: Cross-reactive Carbohydrate DeterminantsFig. 2

Mastocytosis and elevated tryptase indicate a higher risk for venom-induced anaphylaxis due to lowered allergen thresholds. When 53 patients were analyzed for IgE to Ves v 1, Ves v 5, Api m 1 to 4, and Api m 10, it was necessary to reduce the threshold of IgE detection to 0.1 kU~A~/L in the Immulite assay in order to enhance the sensitivity of the assay and allow diagnosis of more patients in this risk group.[@bib259] In wasp venom--sensitized patients, sIgE to rVes v 1 together with rVes v 5 facilitated the correct diagnosis in 94% of 148 patients.[@bib250] In the 13 patients investigated, phospholipase was a major allergen, in addition to Ves v 1 and 5, and rPol d 1 and 5.[@bib260] Interestingly, treatment with one allergen resulted in a reduction of IgE to the second in cases of double sensitization. Api m 4 was found to be a useful marker to identify bee venom allergy,[@bib50]^,^[@bib261] and sensitization to Api m 10 poses a risk for failure of bee venom AIT. Consistent with this, Api m 10 was underrepresented in 3 of 5 therapeutic HBV commercial preparations.[@bib50]

Of note, the Sol i 1 allergen from fire ant (*Solenopsis invicta*) venom has homology with yellow jacket phospholipase.[@bib262] Also, the Asian needle ant (*Pachycondyla chinensis*) is a cause of anaphylaxis. Jeong et al. recently recombinantly expressed Pac c 3 from needle ants and showed its cross-binding with Ves v 5 by ImmunoCAP.[@bib263]

Interpretation of PAMD@ tests {#sec9}
=============================

The interpretation of PAMD@ tests may be challenging, even for the experienced and trained allergist. Some important premises should be taken into account when interpreting these results.[@bib3]1[Measurement of serum sIgE to individual allergens detects sensitization, NOT allergy]{.ul}.

Identification of sIgE, either bound to mast cells (SPT) or in serum, detects sensitization, a condition necessary but not sufficient to make the definitive diagnosis of IgE-mediated allergy. Whether the sensitizing agent is responsible for the symptoms (allergy) should be evaluated with a careful clinical history and, when necessary, by challenge tests. A raised allergen sIgE response in the absence of a history of allergic symptoms or in the context of a negative provocation test should be considered clinically irrelevant.[@bib264]2[PAMD@ and "traditional" tests are complementary]{.ul}

Molecular allergen IgE assays should not be interpreted as an alternative to allergen extract--based assays, but rather as complementary.[@bib265] The interpretation of discrepancies between the 2 approaches has been comprehensively addressed in recent publications ([Table 3](#tbl3){ref-type="table"}).[@bib121]^,^[@bib122]^,^[@bib266]Table 3Interpretation of non-concordance between allergen extract and allergen molecular IgE assay resultsTable 3**A. Positive specific sIgE to whole-allergen extracts but negative to its relevant components**Possible explanations:(1)Serum sIgE binds only to molecules in the extract that are not included in the molecular assay.(2)Serum sIgE binds only to highly cross-reactive or minor allergenic molecules or CCD determinants. If suspected, also check for the presence of components of other allergenic sources that may act as representative markers for the suspected (cross-reactive) allergenic source.(3)The molecular assay is less analytically sensitive than the extract-based assay.(4)A contaminant from another source is affecting the result (false positive).**B. Positive specific IgE to molecules but not to the relevant whole-allergen extract**Possible explanations:(1)Serum sIgE binds to molecules tested as components but that are missing or in low abundance in the extract.(2)The extract assay is less analytically sensitive than the molecular assay.(3)False reactivity due to ImmunoCAP Cellulose in CCD + reactors

When sIgE to the allergen extract is present, but sIgE to its individual molecules is negative, the clinician should consider the possibility that the extract\'s molecules that are responsible for the sensitization are not included in the molecular assay (see guidance in the Informatics section below). Analytical sensitivity should also be considered in cases of discrepancy. Note that singleplex methods are preferred over multiplex assays in the case of low serum total IgE or sIgE values between 0.1 and 1 kU~A~/L.[@bib12] However, the presence of contaminants from other sources (e.g., HDM molecules within dog extracts) can also affect the reliability of the test.[@bib267]

In cases when sIgE to an allergen extract is present but to its genuine components are negative, sensitization to minor allergenic molecules or CCD determinants responsible for cross-sensitization should be ruled out.

The specialist has to be aware that not all allergens of a given allergenic source are available for sIgE tests or have been characterized. The list of important allergenic molecules cloned or purified and introduced for diagnostic purposes, although rapidly increasing, is still incomplete.[@bib74] New relevant allergenic molecules, such as Der p 23 for *D. pteronyssinus*[@bib268] and Pru p 7 [@bib269] for peach have been discovered and made available as diagnostic tests only recently.

Conversely, when no sIgE is detected to an allergen extract, but sensitization to any of its individual molecules are present, one should consider that sensitizing components are missing or in low abundance in the extract. Sometimes these discrepancies are quantitative, and sIgE levels to the allergen extract are lower than for the individual allergens when components are in low abundance in the extract.3Interpretation of the results based upon the source of the allergen components

Although recombinant allergens expressed in *E. coli* lack glycosylation, the natural purified allergens have the same sugars as their natural counterparts.[@bib270] Highly glycosylated allergens induce the production of sIgE against the sugar moiety (CCD), which can be responsible for cross-reactivity. Six highly glycosylated allergens are in their natural purified form in the ImmunoCAP ISAC: walnut nJug r 2, Bermuda grass nCyn d 1, Timothy grass nPhl p 4, Japanese cedar nCry j 1, Arizona cypress nCup a 1, and plane nPla l 2.[@bib271] It is not possible to determine whether IgE to these 6 allergen components is directed to the protein or the carbohydrate side chain, so ruling out the presence of sIgE against CCD is important, especially when other markers of genuine sensitization to the same source are lacking.[@bib64] Of note, the CCD marker MUXF3 in ISAC seems to be less sensitive than the same test on the standard ImmunoCAP assay, and points to the need for a better marker of CCD sensitization.[@bib76] The ALEX microarray added a CCD inhibitor to help overcome this problem.4Interpretation based upon local molecular profiles

Patterns of sensitization vary depending on the geographical area. The knowledge of local molecular epidemiology is essential for guiding allergists in choosing the components to test in their population and to interpret the results properly. For example, Ole e 1 would be a marker of genuine sensitization to olive pollen in southern Spain but a marker of genuine sensitization to the ash tree in northern France. Interestingly, it has been shown that human changes to the local environment can change allergen-specific sensitization profiles.[@bib272]5Interpretation of unexpected results

The generation of an extensive IgE sensitization profile is both an advantage of multiplex analysis and also one of its main pitfalls, because detecting IgE to unexpected allergens may sometimes confuse the clinician if there is no suggestive clinical history available before the test. This may be the case with insect venom allergy.[@bib273] Due to the high prevalence of insect venom sensitization, which occurs in up to 15% of the population, nonspecific screening would generate an abundance of clinically irrelevant results and serve to unsettle patients and their physicians. No indications are currently available on how to effectively manage these cases, but it seems reasonable to act in the same way as with other clinically irrelevant sensitizations to food or respiratory allergens detected with "traditional methods", such as SPT, that do not need any intervention: follow the patient to detect possible future reactions.

A positive aspect is that the detection of silent sensitivities may give the allergist the chance to investigate other hypersensitivities and to alert the patient of possible risks.[@bib274] In the case of sensitization to allergens responsible for food-pollen cross-reactive syndromes, the clinician should re-interrogate the patient for symptoms upon consumption of foods containing those allergens, but sensitization itself should not drive avoidance measures.[@bib275] Importantly, an elimination diet should be recommended only if food allergy due to cross-reactions is based on a clear history or a clinical observation after oral provocation tests.[@bib41]6Interpretation of low- or high-risk markers and component combinations that are related to different risk phenotypes

Generally, allergens resistant to heat and digestion, like seed storage proteins or LTPs, trigger more-severe allergic reactions and have been proposed as markers for severe reactions. Again, the specific relevance of each marker of severity will vary according to local molecular profiles. In contrast, Bet v 1 homologs and profilins are labile allergens that typically induce local symptoms such as oral allergy syndrome and have been proposed as markers of mild reactions. However, the clinician needs to be aware that there may be exceptions to this rule in situations when large quantities of allergens are consumed, cofactors are present, or in regions with a large quantity of pollen exposure. Examples of this are severe anaphylactic reactions reported in patients monosensitized to Bet v1 homologs when drinking apple juice after performing exercise[@bib96] or severe reactions in patients monosensitized to profilin in areas with significant overexposure to grass pollen.[@bib97] It has also been reported that patients with high Bet v 1--specific IgE levels frequently suffer from oral allergy syndrome.[@bib276]

In addition, component combinations can define phenotypes with different clinical expression. It has recently been reported in an Italian cohort that sensitization to more than 5 nsLTPs out of the 8 present in ImmunoCAP ISAC is related to a higher incidence of food-induced systemic reactions, whereas sensitization to PR-10 or profilin pan-allergens is associated with milder symptoms.[@bib170] According to this, the assessment of IgE sensitization to 3 key allergens---Bet v 1 homologs, LTPs, and profilins---is of paramount importance for the interpretation of PAMD@ to fruits and vegetables, especially in the Mediterranean area.[@bib277]

Informatics support for PAMD@ {#sec10}
=============================

IgE results, whether to whole extracts or to components, can be classified as primary or caused by cross-sensitization. Some allergens are predominantly primary, whereas others are predominantly encountered as pan-allergens that cause cross-sensitization. IgE sensitization is not synonymous with allergy, and significantly elevated IgE levels may be encountered in people who do not have clinical allergy. Such "innocent" sensitization is common. Some allergens are almost always clinically relevant (e.g., Ves V 5), and some are almost always clinically irrelevant (e.g., CCD), but many allergens may be associated with high levels of IgE with or without clinical reactivity. It is thus imperative that the interpretation of laboratory results to multiple allergens endeavors to distinguish between clinically irrelevant cross-sensitization and clinically relevant cross-reactivity.

Multiplex diagnosis based on allergen microarrays consists of the evaluation of more than 100 different components belonging to inhalant, food, latex, and *Hymenoptera* allergen sources. The number of interactions between the different components can be extremely high, and for this reason, the interpretation of allergen microarray results can sometimes be complex. In the 112-component version, ImmunoCAP ISAC producers improved the interpretation of component results by the use of Xplain, specific software that arranges the components into different families and adds relevant information for the interpretation of the results. The other commercially available allergen array, ALEX by MADx, offers a link to a dedicated expert system.[@bib76] The support of artificial intelligence tools has allowed new opportunities for interpretation and introduced new concepts to the diagnostic approach. Indeed, allergen arrays seem to be redundant to some extent; for example, the number of profilins and LTPs seem to be higher than needed. Sensitization to many homologous components may be more indicative of clinically relevant allergy than sensitization to only a few. Along this line, the empirical rule can be used that if the number of positive components is \>40% of the total number of components of a given family, the patient can be considered sensitized to the whole family of homologous molecules. Also, expert systems can identify the primary sensitizer in a family of homologous components as the member with the highest IgE score. In the case of ISAC, where only components are present, an expert system can have other routines implemented to address discrepancies between the results of SPT (or sIgE) with an extracted allergen and the ISAC results, such as a positive SPT result but a negative result for specific components derived from that allergen. The expert system can evaluate whether components that belong to other allergen sources but are well known to cross-bind to components in the whole allergen are also positive. So, for example, if Ambrosia a. is positive in SPT but Amb a 1 is negative, other cross-binding components should be evaluated, such as profilins, PR-10, and calcium-binding proteins, which are all well represented in *Ambrosia* but are not present in ISAC. If at least one of these cross-binding components is positive, the discrepancy is considered less relevant. By using this approach, the number of apparent discrepancies is reduced significantly. Expert systems have the capacity to evaluate the ratio between primary and cross-binding components or pan-allergens.[@bib278] At least for inhalants, patients who are sensitized to primary components respond better to AIT than people sensitized to cross-binding components, at least in retrospective studies.[@bib279]^,^[@bib280] In the case of ALEX, the presence of both whole-allergen extracts and components on the same array, and the larger number of allergens available, reduces the risk of discrepancies.

Considering the intrinsic complexity of allergen arrays, mathematical and statistical support for the interpretation of data from allergen microarrays seem to be particularly relevant now. For example, in a specific environment represented by *Hymenoptera* sensitization of horses, Marti et al.[@bib281] described the use of advanced statistical methods to identify relevant sensitizations and to validate the experimental approach. These techniques are particularly efficient when variables are more frequent than samples, allowing the description of the features of the microarrays in a trustworthy manner. In another approach, Prosperi et al.[@bib282] used machine learning to link the results of an allergen microarray to clinical symptoms. After validation, the mathematics used demonstrated a reasonable discrimination ability for asthma, rhinoconjunctivitis, and wheeze but not for eczema, perhaps due to patients with atopic dermatitis having multiple clinically irrelevant sensitizations. The results of these machine learning experiments will be extremely useful to allergists and also to the laboratories in charge of singleplex and multiplex diagnostics. The identification of certain patterns of sIgE positivity will automatically validate the results of the assay if some clinical information about the patient is known.

A similar approach was followed by Simpson et al.[@bib116] By using the latent variable modeling statistical approach, they identified 3 different patterns of sensitization to multiple allergens and clinical symptoms at age 11. The pattern associated with plant proteins was found in patients suffering from hay fever, and that associated with mite components was found in patients with asthma and hay fever. The third pattern, represented by polysensitized patients, was found in asthmatic subjects. The authors noted that eczema was not associated with a given pattern, but this seems reasonable because sIgE are rarely positive in patients with allergic skin diseases.

Molecular diagnosis and allergen immunotherapy {#sec11}
==============================================

PAMD@ represents a useful tool to distinguish clinically relevant and/or primary sensitizations from cross-sensitization in polysensitized patients in cases where traditional diagnostic tests and clinical history are unable to identify the relevant allergen(s) that should be used for AIT. AIT is an expensive and time-consuming treatment (3--5 years) and requires strict adherence. It involves the administration, either subcutaneously or sublingually, of an extract of the allergen(s) responsible for clinical symptoms; this induces tolerance and decreases symptoms and the need for drug intake after allergen exposure.[@bib2]^,^[@bib283]^,^[@bib284] Tolerance is achieved through complex immune modifications involving both humoral and cell-mediated immunity.[@bib285], [@bib286], [@bib287]

AIT is, by definition, "allergen-specific", and it modifies the immune response against the allergen for which the desensitization is performed. As a consequence, a precise etiological diagnosis is required for the prescription of AIT, and the sensitizing allergen must be unequivocally identified. Usually, a detailed clinical history and the standard extract-based IgE testing (SPT and/or *in* *vitro* sIgE) is sufficient to identify the relevant allergen(s).[@bib267]^,^[@bib288]^,^[@bib289] This is especially true for allergy to plants with well-defined pollen seasons that possibly do not overlap, so that symptoms can be readily linked to the season. However, the complexity of diagnosis increases when a patient displays polysensitization on the traditional diagnostic tests (based on allergen extracts) and the clinical history and history of allergen exposure do not help in clearly identifying the relevant allergen(s). This may occur in a relatively high proportion of patients.[@bib290]^,^[@bib291] In such cases in the United States, the vaccine for AIT is prepared by mixing all of the allergens a patient tests positive for.[@bib292] Mixing numerous allergens appears to achieve good clinical efficacy; however, there may be an inability to identify the responsible allergen in the case of adverse events.[@bib293]

Certain structural or enzymatic proteins (e.g., profilins, polcalcins, LTPs, PR10, tropomyosins) are highly conserved across a wide variety of species. For instance, a patient who is primarily sensitized to grasses may also test positive for birch with SPT. This cross-sensitization occurs because the birch extract used in SPT contains profilins (e.g., Bet v 2), which are largely similar to the allergens in grasses (e.g., Phl p 12). Indeed, the use of recombinant or purified allergens allows the discrimination of primary and/or clinically relevant sensitizations and cross-sensitization. In the example mentioned above, a patient with sIgE antibodies against Phl p 1 and Phl p 5, the major allergens in grass, but no sIgE to Bet v 1, the major allergen in birch, is truly sensitized to grass, and not to birch. If sIgE antibodies to Phl p 12 (a profilin) were also detected, profilin sensitization would probably be responsible for the positive SPT result obtained with birch extract, which contains profilins as well. Thus, using the knowledge gained through the identification of allergens, AIT would be prescribed for grass only.

Similarly, if a patient is sensitized to a whole HDM extract, but their IgE antibodies are specifically directed against Der p 10 (tropomyosin) and not to Der p 1, 2/Der f 1, 2, AIT for mites should not be prescribed, because mite extracts mainly contain Der p 1, 2/Der f 1, 2 and have variable or low amounts of Der p 10. Moreover, it has been shown that patients sensitized to important allergens besides Der p 1 and Der p 2, such as Der p 5, Der p 7, Der p 21, and Der p 23 do not benefit from AIT when these allergens are not present in an immunogenic form in the vaccine.[@bib136] PAMD@ can also improve the selection of patients for *Hymenoptera* venom AIT.[@bib243] Sensitization to the major allergens of the honey bee (Api m 1) and yellow jackets (Ves v 5/Ves v 1) may help discriminate between true double bee and wasp sensitization and cross-sensitization due to CCDs.[@bib294]

Most commercial allergen extracts used in AIT are well standardized for major allergens but contain only minimal or variable amounts of minor allergens.[@bib295]^,^[@bib296] Successful AIT is dose-dependent; thus, it can be hypothesized that its therapeutic success might be associated with the concentration of the allergens the patient is sensitized to, and patients with sensitization to minor allergens alone may not benefit from AIT. In HBV, Api m 1 is the only major allergen that is present in substantial amounts, and all other relevant allergens make up only 0.6%--2% of the venom dry weight.[@bib253] In contrast, in YJV, the 2 most relevant allergens, Ves v 1 and Ves v 5, are present in relatively high and nearly equimolar amounts, which implies that the differences in the allergen content between the 2 venoms might be one reason for the higher success rate of VIT with YJV than with HBV. A multicenter study demonstrated that a predominant sensitization to Api m 10 (\>50% of sIgE to HBV) represents a relevant risk factor for treatment failure.[@bib50] Another study reported that patients receiving a 2-year course of AIT with either birch or grass pollen had a much more favorable outcome with AIT if sensitization to the marker allergens of birch or grass pollen were detected, as compared with patients sensitized to only minor or homologous allergens.[@bib279] Therefore, it is necessary to have accurate methods to investigate the exact molecular composition of the different AIT extracts for a "tailored therapy" based on the patient\'s sensitization profile.

The literature concerning the practical role of PAMD@ in prescribing AIT is rapidly increasing since this was envisaged about 10 years ago.[@bib297] In a cross-sectional study involving more than 500 Italian polysensitized patients, the number of AIT prescriptions more than doubled after use of the ISAC assay relative to the number of prescriptions after standard diagnostic tests (although the specific allergens were not reported).[@bib91] Two Spanish studies evaluated the role of PAMD@ in AIT prescription in patients with seasonal symptoms who proved positive to grass and pollens. The first[@bib10] involved 175 patients, and after the molecular test, the prescription of AIT was changed in about 50% of them. The second study[@bib298] had a similar design but involved more than 1200 patients with allergic rhinitis who had positive SPT to olive and grass. Again, the AIT prescription was changed in more than 50% of cases because the identification of cross-sensitization allowed more targeted treatment.

Several other studies have reported similar findings that about half of AIT prescriptions change after PAMD@ data are available. Sastre et al.[@bib299] analyzed the AIT prescriptions for 141 pollen-sensitized patients. The prescriptions before and after PAMD@ agreed in only 46% of patients, with the best agreements reached for olive, grass, and cypress. In a prospective study with 476 patients with polysensitization to inhaled and food allergens,[@bib175] the molecular diagnostic approach changed the prescription of AIT in about 50% of patients, which also decreased the cost of AIT. Martinez-Canavate Burgos et al. observed in 281 children with double sensitization to olive and grass,[@bib300] and Del-Rio Camacho et al.[@bib301] observed in 70 children with various sensitizations, that the AIT prescription was changed in more than 50% after PAMD@; Del-Rio Camacho et al. also noted that the proportion of AIT prescriptions for a single allergen increased from 18% to 51%. Similarly, the use of PAMD@ changed prescriptions in 42%--48% of 651 children in an Italian study.[@bib302] The question has also been raised of whether AIT based on molecular diagnosis can be started earlier in life.[@bib141]

Although the rationale for prescribing AIT based on information about the specific components responsible for the sensitization is to increase the efficacy of the AIT, this specific issue has not been prospectively addressed to date. Two retrospective post-hoc studies on HDM-AIT efficacy based on PAMD@ have reached discordant conclusions. Tavar et al.[@bib303] found no association between the clinical efficacy of AIT based on HDM and sensitization to mite allergens, whereas Chen et al. concluded that the use of PAMD@ to select patients with HDM allergy for AIT may enhance treatment success.[@bib136] Thus, prospective well-designed studies are needed to assess the impact of PAMD@ in allergen immunotherapy efficacy.

The molecular sensitization profile could also affect the safety of AIT. In a recent study involving 200 patients receiving AIT by subcutaneous injection, the occurrence of adverse events was greater in those patients sensitized to Phl p 1 and Phl p 5 (and Phl p 12) than in patients sensitized to Phl p 1 only.[@bib304]^,^[@bib305] During the up-dosing phase, VIT with HBV is less safe than VIT with vespid venom.[@bib306] A study with a very small population (n = 31) showed that Api m 4 sensitization might be a useful marker to identify a particular phenotype of patients with HBV allergy with a higher risk of systemic reactions during the up-dosing phase of immunotherapy.[@bib261] No data are available on the correlation between sensitization profiles to vespid allergens and the severity of the disease, or to side effects or therapeutic outcome of VIT. However, Api m 10 sensitization has been linked to the risk of therapeutic failure.[@bib252]

In principle, a detailed identification of molecules against which IgE antibodies are directed would allow "tailored" AIT based only on allergens with a documented IgE response. In practice, this does not seem feasible. First, the number of possible combinations of sensitization profiles is too large when single allergenic sources are also considered[@bib307]; second, recombinant vaccines do not always perform better than traditional allergen extracts[@bib308]; and third, each single recombinant/purified allergen would need to be individually tested and registered, which carries a substantial financial burden for manufacturers. Thus, the reality of patient-tailored AIT is still a distant prospect.[@bib309] However, molecular-based algorithms have been proposed that would optimize the prescription.[@bib310], [@bib311], [@bib312] These algorithms all incorporate the idea that detecting sensitization to genuine components is essential.[@bib313]

Although AIT for pollen-associated food allergy has shown beneficial effects in some studies, particularly for oral symptoms, other clinical trials have not shown similar outcomes; thus AIT cannot be recommended as a treatment in these cases and should be considered only when respiratory symptoms are present.[@bib314], [@bib315], [@bib316], [@bib317], [@bib318] However, there are some fascinating potential applications in the field of immunotherapy: a research group in Vienna has recently generated mimotopes using a monoclonal antibody (BIP3) recognizing high-molecular-weight glycoproteins in birch and mugwort pollens, celery, and Apiaceae spices (anise, fennel, coriander, and cumin), which are responsible for the "celery-mugwort-birch-spice syndrome". These mimotopes mimic the BIP3 epitope relevant to Api g 5 (the celery allergen mainly responsible for the syndrome) and, because of their good immunogenicity, they could potentially be used as Api g 5 surrogates for hyposensitization.[@bib319]

Another interesting and innovative use of the allergen microarray is the monitoring of AIT. Indeed, it has been observed[@bib320] that allergen microarrays are useful for monitoring the development of allergen-specific IgG responses during AIT, both against the allergen present in the AIT vaccine and against cross-reactive allergens. This application of the technique may finally offer a general-purpose tool for monitoring the immunological effects of AIT, resulting in better control of the treatment and a better understanding of therapeutically positive and negative results. For example, when IgE and IgG to peanut Ara h 1, Ara h 2, Ara h 3, Ara h 8, and Ara h 9 were investigated in a multiplex analysis in 33 patients undergoing peanut sublingual immunotherapy,[@bib321] successful desensitization was associated with significantly lower IgE levels to Ara h 2 and 3. PAMD@ may thus be used to monitor immunotherapeutic strategies in food allergy and has great potential to specifically identify those allergens that are most relevant for AIT of the individual patient. This strategy is fully in line with the concept of precision medicine in allergy.[@bib322] These data were further supported by an article[@bib323] that demonstrated that pretreatment sIgE to allergen components appears to determine the induction of IgG4 in the up-dosing phase. Induced IgG4 seems to suppress IgE levels on ISAC, resulting in a marked decrease in ISAC-measured sIgE levels after up-dosing of subcutaneous immunotherapy. The authors conclude that the decrease in ISAC IgE levels can be used to monitor the blocking effect of non-IgE antibodies induced by allergen-specific immunotherapy.

In conclusion, PAMD@ is certainly of help in better refining the AIT prescriptions in individual patients, especially when polysensitization patterns from standard diagnostic tests are difficult to interpret.[@bib312]^,^[@bib324], [@bib325], [@bib326], [@bib327] The availability of multiplex IgE tests remains limited and requires a specialist approach. They are therefore currently used as a third-line diagnosis focused on polysensitized patients and patients with pollen-food syndromes.

Unmet needs {#sec12}
===========

Advances in the identification of allergens at a molecular level are indisputable and are a huge step forward in both the *in* *vitro* and the *in* *vivo* diagnosis of allergy. By identifying specific allergens that are associated with different risk profiles, PAMD@ can help avoid exposing patients with limited oral allergy to treatment or risking a near-fatal anaphylactic reaction when challenging a patient to confirm a diagnosis. However, some points need to be elucidated:1.[It must be clearly stated when PAMD@ should be used in clinical settings or research.]{.ul}

Some major allergens are region-specific, and different populations demonstrate different sensitizations, particularly for pollens.[@bib328] Population studies characterizing the sensitizations representative of each region are needed. Additionally, multicenter studies would be extremely helpful to reinforce the role of major allergens in coincident clinical pictures and corresponding cofactors.

PAMD@ is emerging as a useful tool for determining the variation in the concentrations of major allergens in different samples and extracts.[@bib329]2.[Training on the usefulness of PAMD@ should be widely available to allergists, and multiplex PAMD@ should be made more available.]{.ul}

Clear indications for the use of PAMD@ are suspected idiopathic or delayed-onset anaphylaxis, polysensitization when prescribing immunotherapy, pollen-food allergy, latex allergy, and *Hymenoptera* venom allergy.[@bib3]^,^[@bib5] With regard to venom allergies, PAMD@ allows the identification of allergy specific to *Vespula* or *Polistes* when both are positive by either SPT or *in* *vitro* sIgE; it also allows the cause to be identified in at least 20% of cases of idiopathic anaphylaxis.

PAMD@ is also useful for providing information on primary sensitization or cross-reactivity, as well as risk assessment or potential cofactors. However, the limited availability of the assay has restricted its use and recognition, particularly in developing regions where the low-income or uninsured population cannot afford the cost of multiplex PAMD@.3.[PAMD@ must be cost-effective.]{.ul}

PAMD@ is beneficial for the proper selection of children to undergo immunotherapy[@bib302] and of pollen-sensitized patients of all ages to receive immunotherapy prescriptions.[@bib312] The ability to determine the contributions of major versus minor allergens affects both effectiveness (AIT is more effective against major allergens) and potential adverse reactions.

Different technologies, such as single-component assays and microarrays,[@bib4] as well as *in* *vitro* and *in* *vivo* tests, must be compared to elucidate the most convenient and cost-effective choice of a diagnostic test.

A cost-benefit evaluation in the Netherlands compared PAMD@ with SPT for the diagnosis and treatment of patients with allergic rhinitis, demonstrating that diagnosis through PAMD@ increased the number of patients who fully responded to immunotherapy and reduced the cost per patient and per quality-adjusted life year.[@bib330]

At present, most scientific guidelines recommend clinical evaluation and SPT as the first level of allergy diagnosis. However, other approaches have been recommended, especially in areas where concern exists about the preparation of SPT reagents in accordance with Good Manufacturing Procedures. The classic top-down method is currently widely practiced, but PAMD@ allows the use of a bottom-up approach where multiple component allergens are tested before (or instead of) testing smaller numbers of multiple-protein allergen extracts.

Presently, reagents are available for the evaluation of almost 300 different allergens on a single chip. Whether all of these results are useful in all allergic patients may be debated, but in complex patients (such as those who are polysensitized or have a food allergy), the societal cost of evaluating hundreds of allergens could significantly overcome the cost of a single multiplex allergen chip. Medical innovations and developments should include the possibility of providing these advances to everyone at an affordable price.4.[PAMD@ should become part of personalized medicine.]{.ul}

Proper identification of the individual or cross-reactive components causing or inducing allergy is essential for providing personalized care, and for successful treatment and prevention. Physicians must have knowledge of PAMD@ to discriminate individual phenotypes and endotypes, which is essential for the appropriate management of allergy. Physicians should also help patients to understand their specific situations and participate in treatment decisions.[@bib331]

PAMD@ has begun to be used worldwide. Its sensitivity and specificity have been demonstrated in clinical studies, which has triggered the desire to understand the context between the IgE profile and the risk for clinical reactivity, from allergic rhinitis and asthma to anaphylaxis.[@bib5]^,^[@bib74] It is accepted as a first-line diagnostic tool and helps to reduce the time to diagnosis, while having the same precision as the conservative SPT-first approach.[@bib332] Overall, debate in the allergy community reveals that the initial skepticism regarding PAMD@[@bib121] has moved towards the possibility that it could replace SPT in the future.[@bib122]

The path forward for PAMD@ must include education regarding its clinical utility, how to interpret results to improve the identification of clinically relevant primary and cross-reactivity rather than cross-sensitization, and its cost-effectiveness. Greater knowledge will help to make it more widely available.

Tables {#sec13}
======

Definitions and concepts:•Allergen extract: the part of allergen sources that is soluble in water or other specific solvents. Allergen extracts from different sources and different batches may vary, and the allergen contents can be both qualitatively and quantitatively different. Many proteins or other kinds of molecules without allergenic properties are contained in an allergen extract. The main problem is the presence of multiple allergens in the mixture, some which may be clinically relevant and others of which may be irrelevant, causing cross-sensitization patterns in subjects with sensitization to common components.•Allergen source: the raw material from which the allergen extract is obtained, such as pollens, animal furs, or cultures of molds. Allergen sources vary from producers and over time. Significant batch-to-batch heterogeneity has also been observed. Thus, standardization of allergen sources, and of allergen extracts, is needed.•Allergen: The molecule that expresses epitopes recognized by an sIgE.•Allergy: The presence of sensitization to one or more allergens and the presence of clinical symptoms that can be associated with that sensitization. Laboratory tests can only identify sensitization, not an allergy. The diagnosis of allergy is the responsibility of the allergist.•Basophil activation test (BAT): The test can be based on different techniques. The most frequently used are based on flow cytometry and the detection of molecules secreted from activated basophils by the use of monoclonal antibodies conjugated with a fluorochrome. The activation of basophils is, within certain limits, dose-dependent, and suggests sensitization of the patient to an allergen. Of note, basophils react not only to allergens recognized by sIgE on the surface of the cell but also to other molecules, such as drugs.•Bottom-up diagnostic approach. An approach that starts with the collection of the patient\'s history, followed by testing with multiplex methods to obtain a virtually complete analysis of the IgE profile. Additional tests, if necessary, are based on the information obtained.•Component: see Allergen.•Cross-binding: The ability of IgE to bind to allergens with significant sequence homology.•Cross-reactivity: Allergy caused by an allergen to which an individual is sensitized via cross-binding to the allergen which caused the primary sensitization.•Cross-reactive carbohydrate determinants (CCDs). CCDs are protein-linked carbohydrate structures. CCDs with wide homogeneity to many allergens are considered pan-allergens. CCD can be found only in natural allergens and not in recombinant molecules produced in *E. coli*. In patients sensitized to CCD, sIgE tests on allergen extracts may show false-positive results. The addition of a polysaccharide to the dilution buffer helps to reduce this cross-binding effect.•Cross-sensitization: Sensitization caused not though primary exposure, but due to cross-binding of IgE to allergens with significant sequence homology. Cross-sensitization may be clinically irrelevant. If it causes symptoms, it may be referred to as cross-reactivity.•Geographic distribution of allergens: Different inhalant and food allergens are detectable in different countries due to differences in the environment. For example, the weed *Parietaria judaica* is frequent in the Mediterranean region but is virtually absent in other areas.•Geographic distribution of sensitization: Because allergenic sources vary in different regions, the sensitization profile in these regions can also be heterogeneous. For example, although birch is a frequent allergen in northern Europe, the frequency of sensitization to birch in Mediterranean patients is probably related to the presence of trees with allergens homologous to those of birch. Sensitization to Blomia t is primary in equatorial regions, whereas in northern regions it is mainly caused by cross-binding with *Dermatophagoides* spp. allergens, which may or may not cause clinically relevant symptoms on exposure.•Isoforms: Molecules with homology between 60% and 95%. In nature, allergens are a mixture of molecular isoforms (homology \>60%) and variants (homology \>95%). In diagnostics, in general, the most represented isoforms are used. In recombinant molecules, increased heterogeneity is related to the absence of the post-translational modifications occurring in nature.•Levels of allergy diagnostics:oFirst level: Also called *first line*. In established practice, this is represented by the patient\'s clinical history and skin prick tests, Phadiatop, or similar tests.oSecond level: Generally represented by the analysis of the patient\'s sensitization by sIgE assays performed on extracts from whole-allergen sources. At this level, distinguishing primary and cross-sensitization is not possible.oThird level: This level is characterized by the use of either recombinant or purified natural allergens to detect the presence of IgE directed to primary, cross-binding, or pan-allergens. The third level can be based on singleplex or multiplex technology. The former is based on single allergens specifically ordered by the allergist. The latter is based on allergen arrays, where more than 100 allergens are spotted on an immunosorbent surface, and the presence of IgE to all are assayed in a single run.oFourth level: This level includes western blot analysis of allergen recognized by IgE following separation on a gradient, basophil activation test, and CAP inhibition. These assays can only be performed by specialized laboratories, and certain of these procedures have not been standardized, bringing the relevance of their results in the diagnostic process into question.•Major allergens: Initially, these were defined as highly purified allergens that induced immediate skin test responses in \>90% of allergic individuals. Today, in the IUIS Allergen Nomenclature, a major allergen is generally regarded as one to which \>50% of allergic patients react.•Minor allergen: Initially defined as an allergen that produces a positive skin test in \<20% of patients.•Molecular allergen nomenclature: A code to describe molecular allergens. As an example, take rBet v 1.0101. The first letter (r or n) is for recombinant or natural. The first 3 letters are the beginning of the genus name; here Bet for *Betula*. The single letter is for the species name (v for *verucosa*). The first number is a sequential number initially given in order of discovery, but the numbers were subsequently associated with protein families. The first 2 digits after the dot designate isoallergens. The third and fourth digits distinguish different variants of an isoallergen. (from Update of the WHO/IUIS Allergen Nomenclature Database based on analysis of allergen sequences, 2014)•Molecular allergen: see allergen.•Pan-allergens (see also cross-binding allergens): Groups of proteins that are involved in the general life processes of plants and animals and are therefore widely distributed in nature.[@bib333] Homology in amino acid sequence and high homogeneity in structure (folding) and functions results in the presence of epitopes that are shared by many different organisms, even among species that are not closely related. According to Hauser et al.,[@bib333] profilin is the only real pan-allergen; polcalcins, PR-10, nsLTP, and related molecules are defined as eurallergens (wide); expansin, pectate-lyase, thaumatins, and cupins are defined as stenallergens (tight); and alpha-amylase, 2S albumin, protein kinase, and similar proteins are defined as monallergens, being restricted to a single family of plants.•Pathogenic allergens: Allergens that are positive in patients with clinical symptoms.•Personalized medicine: A modern approach that sorts patients by their endotypes (for example, rhinitis, asthma, severe asthma) starting from precision medicine data offering a clear and exhaustive picture of the patients.•Potentially harmful allergens: Allergens that may cause severe systemic reactions in sensitized patients, such as 2S albumins, 7S, and 11S globulins, nonspecific LTPs, tropomyosins, and parvalbumins.•Precision medicine: A modern approach based on a patient\'s genotype or endotype. Patients are classified according to objective parameters from laboratory assays and not, for example, by symptoms.•Primary sensitization: Sensitization caused by the individual allergen itself rather than through cross-sensitization to a homologous allergen.•Purified natural allergen: The single allergen isolated from an allergen extract by either chemical or physical methods such as high-performance liquid chromatography, gel filtration, or immune absorption. The heterogeneity of these highly purified allergens is reduced, and they can be used in *in* *vitro* diagnostics. Of note, many purified allergen extracts contain CCD.•Purified natural component: See Purified natural allergen.•Recombinant allergen: Allergens produced through genetic engineering and often expressed in *E. coli*. Allergens expressed in *E. coli* do not have post-translational modifications such as glycosylation, although recombinant allergens produced in eukaryotic cells may have post-translational modifications.•Recombinant component: see Recombinant allergen.•Sensitization: The presence of sIgE to one or more allergens in serum tests. In skin prick tests, sensitization is the presence of a cutaneous reaction in the presence of a given allergen. In PAMD@, sIgE sensitization only includes serum IgE and not IgE bound to mast cells\' high-affinity receptor, which can be qualitatively assessed by SPT. Sensitization cannot be considered an allergy.•SIgE: Discovered in the late 1960s, IgE is the antibody secreted in sensitized patients and specific for a given allergen. The detection of these antibodies suggests that the patient is sensitized to the allergen. The presence of signs and symptoms compatible with the IgE profile allow the allergist to identify the patient as allergic.•Top-down diagnostic approach: The classic approach. The diagnostic procedure starts with the patient\'s history and a skin prick test. If more-detailed results are needed, extracts of the allergen sources are assayed for sIgE. If still more information is required, an sIgE singleplex or multiplex approach is used. Finally, in selected cases, other assays, such as BAT or CAP inhibition are carried out. Contrasts with the bottom-up approach, which uses allergen components before extracts.•Total IgE: The concentration of IgE circulating in the serum.•Virtually innocuous allergens: Allergens that do not generally cause a severe or systemic reaction in sensitized patients, although exceptions are possible. Includes profilins, polcalcins, PR-10, and CCD.
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